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ABSTRACT

Context. The Tully-Fisher relation (TFR) is one of the most important and widely used empirical correlations in extragalactic as-
tronomy. Apart from its importance as a secondary distance indicator, the TFR relation serves as a test for galaxy evolution models,
because it connects the baryonic and dark matter components of galaxies.

Aims. We aimed at simulating the multi-wavelength TFR relation from UV to mid-infrared (MIR) wavelengths for the TNG50 cos-
mological simulation at z = 0, and at comparing the results with observational TFR studies. Our goal was to compare the wavelength
dependence of the slope and scatter with the observed values, and to search for secondary parameters that reduce the scatter in the TFR.
Methods. We selected a large sample of simulated late-type, disc-dominated galaxies from the TNG50 simulation. For each galaxy,
we used the SKIRT radiative transfer code to generate realistic synthetic global fluxes in 12 UV to MIR broadbands and synthetic
integrated HI line profiles. We used bivariate linear regression to determine the TFR in each band, and we searched for a second TFR
parameter by correlating the residuals with different physical parameters.

Results. Our TNG50 TFR reproduces the characteristic behaviour of the observed TFR in many studies: the TFR becomes steeper
and tighter as we move from UV/optical to infrared wavelengths. The slope changes from —7.46 +0.14 mag dex~! in the NUV band to
—9.66+0.09 mag dex~! in the IRAC [4.5] band. Quantitatively, our slopes are well within the spread of different observational results.
The u — r colour or the sSFR can significantly reduce the scatter in the UV and optical bands. Using u — r colour as second parameter,
the modified TFR has a roughly constant intrinsic tightness of over the entire UV to MIR range.

Conclusions. The combination of the TNG50 cosmological simulation and the SKIRT radiative transfer postprocessing is capable of
broadly reproducing the multi-wavelength TFR. A better matched sample selection, the use of different characteristic velocity scales,
and more advanced internal dust attenuation correction are steps towards a more stringent comparison of the simulated and observed
multi-wavelength TFR.

Key words. radiative transfer — galaxies: formation — galaxies: fundamental parameters — galaxies: kinematics and dynamics —

galaxies: photometry

1. Introduction

The Tully-Fisher relation (TFR, Tully & Fisher 1977) is an
empirical relation that correlates the absolute magnitude and
the rotation velocity of spiral galaxies. The TFR has been
used for almost 50 years to estimate distances to spiral galax-
ies and to measure the Hubble constant (e.g. Visvanathan
1983; Kraan-Korteweg et al. 1988; Pierce & Tully 1988, 1992;
Sorce et al. 2012; Schombert et al. 2020; Kourkchi et al. 2022).
It is used for many other other cosmological applica-
tions too, such as determining the bulk flow of galaxies
(Watkins et al. 2009, 2023; Whitford et al. 2023), reconstructing
the local Universe gravitational field in 3D (Courtois et al. 2023;

* Corresponding author; maarten.baes@ugent .be

Dupuy & Courtois 2023), and measuring the growth rate of cos-
mic structure at low z (Davis et al. 2011; Carrick et al. 2015;
Boubel et al. 2024). For a recent overview of the TFR, in par-
ticular of its use as a distance indicator, we refer to Said (2024).

Apart from its practical application, the TFR is also impor-
tant as a testbed for galaxy formation and evolution models.
Indeed, the TFR is a very tight correlation, and any galaxy
evolution model should reproduce its characteristics. Using the
simple assumption that the circular velocity scales with the
halo mass, one can argue that spiral galaxies should ‘natu-
rally’ lie along the TFR (Mo et al. 1998; van den Bosch 1998;
see Appendix B of Courteau et al. 2007). Galaxy stellar masses
or luminosities are, however, not directly proportional to the
mass of the halo they inhabit, or in other words, galaxy for-
mation efficiency is a non-monotonic function of halo mass
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(Moster et al. 2013; Behroozi et al. 2013, 2019; Wechsler &
Tinker 2018; Legrand et al. 2019). For galaxies to lie along the
TFR, the ratio of the rotation velocity and the circular veloc-
ity of galaxies should also non-monotonically depend on halo
mass (Ferrero et al. 2017). This makes the TFR a more challeng-
ing test for galaxy formation models than this simple argument
seems to suggest.

This particularly applies to cosmological hydrodynamical
models of galaxy formation, currently one of the most pop-
ular methods to study galaxy evolution (Somerville & Davé
2015; Vogelsberger et al. 2020; Crain & van de Voort 2023). Up
to about a decade ago, it was hard to simulate populations of
spiral galaxies that reproduce the slope, zero-point, and scat-
ter of the TFR within the Lambda cold dark matter (ACDM)
framework. In particular, early hydrodynamical simulations pro-
duced spiral galaxies that were too massive and too com-
pact, and had steeply declining rather than flat rotation curves
(Abadi et al. 2003; Stinson et al. 2010; Scannapieco et al. 2012).
This resulted in a failure to reproduce the observed TFR (e.g.
Navarro & Steinmetz 2000).

The culprit of this failure was the inability of early feedback
schemes to prevent the accumulation of low angular momen-
tum baryons at the centre of dark matter haloes. The inclu-
sion of more fine-tuned prescriptions for feedback by stellar
winds, supernovae, and supermassive black holes turned out to
be key to reproducing populations of more realistic spiral galax-
ies (e.g. Governato et al. 2007; Brook et al. 2011; Guedes et al.
2011; McCarthy et al. 2012; Marinacci et al. 2014). As a result,
state-of-the-art cosmological hydrodynamical simulations now
generate TFRs that agree relatively well with observations
(Vogelsberger et al. 2014; Sales et al. 2017; Ferrero et al. 2017;
Glowacki et al. 2020, 2021; Dubois et al. 2021; Goddy et al.
2023).

One important aspect that needs to be stressed is that all of
the studies cited above actually do not simulate the ‘original’
TFR, but rather the stellar TFR (STFR) and/or the baryonic TFR
(BTFR). For the STFR, the absolute magnitude (or luminosity)
is replaced by the stellar mass; for the BTFR, it is replaced by
the total baryonic mass, usually interpreted as the sum of the
stellar mass and the cold interstellar medium (ISM) gas mass
(McGaugh et al. 2000; Bell & de Jong 2001). While it has been
argued that the BTFR is more fundamental than the original TFR
(McGaugh 2012), the main argument for choosing the STFR
or BTFR when testing galaxy formation models is that stellar
and baryonic mass are easily determined for simulated galax-
ies. The drawback is that they are harder to accurately measure
for observed galaxies (Ponomareva et al. 2018). The determina-
tion of stellar masses requires multi-band photometry, and stel-
lar masses are then typically determined using spectral energy
distribution (SED) fitting. Typical uncertainties on global stel-
lar masses derived from integrated multi-band photometry are
~0.3 dex (Pforr et al. 2012; Conroy 2013; Roediger & Courteau
2015; Lower et al. 2020; Pacifici et al. 2023). Baryonic mass
determinations need, in addition to stellar masses, estimates for
the atomic and molecular gas mass. These can be determined
from HI 21 cm observations and CO observations, respectively,
with the poorly constrained CO-to-H, conversion factor (e.g.
Bolatto et al. 2013; Amorin et al. 2016; Madden et al. 2020) an
additional source of uncertainty.

Rather than, or in addition to, the STFR or BTFR, the orig-
inal TFR forms an interesting test for galaxy formation mod-
els, especially if we consider that the TFR has been observed
in different bands. Early measurements were mainly done
at optical wavelengths (Tully & Fisher 1977; Bothun & Mould
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1987; Giovanelli et al. 1997), and the TFR was subsequently
extended to the near-infrared (NIR: Rothberg etal. 2000;
Verheijen 2001; Karachentsev et al. 2002; Theureau et al. 2007,
Masters et al. 2008) and to the mid-infrared (MIR: Sorce et al.
2013; Lagattuta et al. 2013; Neill et al. 2014; Kourkchi et al.
2020; Bell et al. 2023). While there is a significant spread in
the slope and scatter measurements among the different obser-
vational studies, a general trend is that the TFR becomes steeper
and tighter as we move to longer wavelengths. This is demon-
strated most convincingly by studies that apply a consistent
and uniform approach at different wavelengths (e.g. Sakai et al.
2000; Verheijen 2001; Ponomareva et al. 2017; Kourkchi et al.
2020). Moreover, it has been shown that, at least in optical bands,
the scatter of the TFR correlates with other galaxy characteris-
tics, such as colour or morphological type (Aaronson & Mould
1983; Rubin et al. 1985; Giovanelli et al. 1997; Russell 2004;
Masters et al. 2006; Ponomareva et al. 2017; Makarov et al.
2018; Kourkchi et al. 2020). Reproducing these different aspects
of the multi-wavelength TFR is an interesting test for any galaxy
formation model.

Simulating the multi-wavelength TFR for a cosmological
hydrodynamical model requires the generation of mock fluxes in
different bands. This requires the combination of stellar popula-
tion models and realistic models for dust attenuation. The latter
aspect is particularly tricky: on average, interstellar dust atten-
uates about a third of all the stellar emission in spiral galaxies
(Popescu & Tuffs 2002; Viaene et al. 2016; Bianchi et al. 2018).
The effects of dust attenuation are often complex and even
counter-intuitive (Witt et al. 1992; Byun et al. 1994; Pierini et al.
2004; Mollenhoff et al. 2006; Gadotti et al. 2010). Calculating
accurate fluxes in the complex 3D geometry of simulated galax-
ies from hydrodynamic simulations can only be done using
3D radiative transfer calculations (Steinacker et al. 2013). Until
about a decade ago, this was still a significant challenge, but
thanks to improved methods and computing power, this is now
possible. In fact, radiative-transfer-based mock broadband fluxes
and/or images have been computed for most state-of-the-art cos-
mological hydrodynamical simulations (e.g. Torrey et al. 2015;
Trayford et al. 2017; Camps et al. 2018, 2022; Kapoor et al.
2021; Trcka et al. 2022; Akins et al. 2022; Faucher et al. 2023;
Guzmin-Ortega et al. 2023; Jang et al. 2023; Gebek et al. 2024,
Baes et al. 2024a; Bottrell et al. 2024).

If we want to compare simulated to observed TFRs beyond
the qualitative level, it is also important to pay attention to the
measurement of the rotation velocity from the simulated galax-
ies. There are different possibilities to define a characteristic
rotation speed for a simulated galaxy. Vogelsberger et al. (2014),
Sales et al. (2017), and Ferrero et al. (2017) adopted the circular
velocity,

0e(r) = Gﬁf“),

ey

evaluated at twice the stellar half-mass radius, at twice the bary-
onic half-mass radius, and the stellar half-mass radius, respec-
tively. Glowacki et al. (2020, 2021) considered four different
metrics for the characteristic velocity based on the circular
velocity curve (1). A more consistent approach is to mimic
the observational approach by generating mock HI data and
determining the rotation velocity in the same way as done for
observed galaxies. This approach was followed by Goddy et al.
(2023), who used the MARTINI package (Oman et al. 2019)
to create mock 21 cm spectra, allowing for a fair comparison
between real and mock galaxies from the TNG100 simulation.
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In this paper, we study the z = 0 multi-wavelength
TFR for the TNGS50 cosmological hydrodynamical model
(Pillepich et al. 2019; Nelson et al. 2019b). This simulation
combines the high resolution typical for zoom-in simulations
with a volume that is large enough to host galaxy populations
with sufficient statistics (for more details, see Sect. 2). In this
paper we derive the multi-wavelength TFR for a sample of sim-
ulated spiral galaxies from the TNGS50 simulation at z = O.
We pay special care for the calculation of the multi-wavelength
luminosities and the rotation velocities of the simulated galax-
ies, mimicking the observational approach as closely as possi-
ble. Our goal is to compare the TNG50 multi-wavelength TFR
to the one obtained from observational studies, particularly with
studies that applied a uniform analysis in different bands, such
as Verheijen (2001, hereafter VO1), Ponomareva et al. (2017,
hereafter P17), and Kourkchi et al. (2020, hereafter K20). Very
specifically, we want to investigate whether the TNGS50 sim-
ulation can reproduce the slope and the tightness of the TFR
obtained by these studies over the entire UV to MIR wavelength
range, and whether a second parameter can be identified that can
reduce the scatter in the TFR.

This paper is organised as follows: in Sect. 2 we present our
sample selection, in Sect. 3 we discuss how we generate the syn-
thetic data projects needed, in Sect. 4 we present the TNG50
multi-wavelength TFR, in Sect. 5 we discuss our results, and in
Sect. 6 we present our summary and an outlook.

2. The TNG50 sample selection

The TNGS5S0 simulation (Pillepichetal. 2019; Nelson et al.
2019b) is the smallest-volume and highest-resolution ver-
sion of the IlustrisTNG suite of cosmological magneto-
hydrodynamical simulations (Marinacci et al. 2018;
Naiman et al. 2018; Nelson et al. 2018; Pillepich et al. 2018a;
Springel et al. 2018). It is based on the moving-mesh hydrody-
namics code AREPO (Springel 2010) and a galaxy formation
model that includes gas cooling and heating, stochastic star
formation, stellar evolution, chemical enrichment of the ISM,
feedback from supernovae, seeding and growth of supermassive
black holes, feedback by active galactic nuclei, and mag-
netic fields (Weinberger et al. 2017; Pillepich et al. 2018b).
The cosmological parameters (Q,, = 0.3089, Q, = 0.0486,
Qu = 0.6911, and Hy = 67.74kms™! Mpc_l) are based on the
Planck 2015 results (Planck Collaboration XIII 2016). For a full
description of the TNG50 simulation we refer to Pillepich et al.
(2019) and Nelson et al. (2019b).

The aim of our study is to derive the multi-wavelength TFR
of galaxies in the TNG50 simulation and compare it to the multi-
wavelength TFR observed in the Local Universe. Our base sam-
ple consists of all galaxies from the z = 0 snapshot of the TNG50
simulation with stellar mass' M, > 10° M, (subhaloes with
subhaloFlag =0 are discarded, as these are considered not to
have a cosmological origin). This lower limit on stellar mass is
imposed to ensure that the simulated galaxies have sufficient res-
olution (the baryonic mass resolution of the TNG50 simulation
is 8.5 x 10* My). This is needed to minimise the effects of spuri-
ous collisional heating by dark matter particles (Wilkinson et al.
2023; Ludlow et al. 2023). To select star-forming galaxies, we
applied an additional threshold to the specific star formation
rate, sSFR > 107! yr~! (Brinchmann et al. 2004; Fontanot et al.
2009; Donnari et al. 2019; Paspaliaris et al. 2023). To ensure that

' All masses in this paper correspond to total gravitationally bound
masses (unless noted otherwise).

the galaxies are bona fide, disc-dominated galaxies, we imposed
the additional requirement Mi,/M, > 0.5, where My, is the
stellar mass of the thin disc component. The latter quantity is
determined by means of a structural decomposition on stellar
kinematics with the MORDOR code (Zana et al. 2022) and is
obtained from the TNG data archive (Nelson et al. 2019a). The
number of TNG50 galaxies satisfying these criteria is 925.

For each galaxy, we generated synthetic observations corre-
sponding to five different random observer positions, with four
of them to be used in the analysis (see Sect. 3.1). We con-
sidered each of these four datasets as an independent dataset,
which enlarges our sample to 4 X 925 = 3700 individual datasets
(hereafter simply called galaxies). We only used galaxies with
inclinations above 45 degrees, to avoid large uncertainties in the
inclination correction for the circular velocity. We also discarded
galaxies with inclinations above 85 degrees to avoid too large
dust attenuation uncertainties. In total, we ended up with 2151
individual galaxies, which we refer to as our TNG50 sample.

Fig. 1 shows histograms of a number of important galaxy
characteristics of our TNGS50 galaxy sample. We also show the
same histograms for the VO1 and P17 samples, the two obser-
vational TFR studies to which we compare our results. The HI1
masses of our TNG50 galaxies cover the range between 10® and
10'05 M, with a peak in the distribution around 105 M,. The
stellar masses range between 10° and 10'' My, with a maxi-
mum in the distribution just below 10'° My. We note that this
distribution is quite different from the stellar mass distribution
of the entire TNGS50 galaxy population, which keeps increas-
ing towards lower stellar masses. Our selection criteria on sSFR
and My /M, are responsible for the removal of many low-mass
galaxies from the sample. The distribution in sSFR ranges from
107" to 1072 yr~! with a strong peak in the distribution around
1079 yr~!. Finally, the inclinations of both samples are nicely
distributed between 45 and 85 deg, with a slight preference for
the highest inclinations, as expected for a random distribution in
viewing angle. In general, the distribution of the physical prop-
erties of the simulated galaxies are in fair agreement with the
characteristics of the galaxies of the VO1 and P17 samples, even
though they have been obtained using different methods (see
caption of Fig. 1 for more details).

To further investigate whether our TNGS50 galaxy sample is
representative of the entire spiral galaxy population in the Local
Universe, we show two scatter plots in Fig. 2. Both panels con-
tain, apart from the simulated galaxies from our TNG50 galax-
ies and the galaxies from the VOI and P17 samples, a large set
of galaxies from the REsolved Spectroscopy of a Local VolumE
(RESOLVE) survey, a volume-limited census of stars and gas in
the nearby universe (Eckert et al. 2015; Stark et al. 2016). The
RESOLVE sample spans different environments and is complete
down to baryonic masses of about 10°> My. The left and right
panels show the g — r colour and the HI mass as a function of the
K;-band absolute magnitude, respectively. The four populations
generally agree very well in these plots. One difference is that
the RESOLVE sample contains a population of redder objects
than our TNGS50 sample, at all K -band absolute magnitude.
The presence of these red sequence galaxies is is not surprising,
since the RESOLVE sample contains all types of galaxies from
different environments, whereas our TNG50 sample only con-
tains star-forming disc galaxies. We note that also the P17 sam-
ple contains three luminous galaxies with very red g — r colours,
clearly located in the red sequence region. Two out of these three
galaxies are early-type spiral galaxies with sSFR values below
the 107! yr~! threshold, while the third one is a highly inclined
and strongly reddened spiral galaxy.
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Fig. 1. Histograms of basic properties of our TNG50 and the V01 and P17 galaxy samples. From left to right: HI mass, stellar mass, specific star
formation rate, and inclination. For the simulated TNG50 galaxies, HI masses and inclinations are determined as discussed in Sect. 3.2, while stellar
masses and SFRs are obtained directly from the simulation particle data (Nelson et al. 2019a). For the VO1 sample, HI masses and inclinations are
obtained from Verheijen & Sancisi (2001). Stellar masses are calculated using the relation between K-band mass-to-light ratio and B — R colour by
Bell & de Jong (2001), with B, R and K absolute magnitudes taken from Tully et al. (1996). SFRs for the VO1 sample galaxies are estimated from
integrated GALEX FUV-band luminosities using Eq. (3) of Lee et al. (2009), based on fluxes collected from different sources, primarily Hao et al.
(2011) and Bouquin et al. (2018). For the P17 sample, HT masses and inclinations are directly taken from P17. For the galaxies of this sample,
stellar masses and SFRs have been determined by Ponomareva et al. (2018) using SED fits with the MAGPHYS code (da Cunha et al. 2008).
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Fig. 2. Scatter plots comparing the location of our TNG50 simulated galaxy sample, the VO1 and P17 galaxy samples, and the volume-limited
RESOLVE galaxy sample. The left and right panel show the g—r colour and the HI mass as a function of K;-band absolute magnitude, respectively.
Colours and absolute magnitudes for the simulated TNG50 galaxies are determined as described in Sect. 3.1. For the V01 sample, g — r colours
are calculated from the B — R colours using the conversion formula of Fukugita et al. (2011).

Overall, based on Figs. 1 and 2, we argue that our sample
is representative for the population of disc-dominated, late-type
galaxies in the local Universe.

3. Data generation

The TFR is a correlation between the total luminosity or abso-
lute magnitude in optical/NIR wavebands and the inclination-
corrected width of the HI line profile for disc galaxies. In this
section we describe how we determined these quantities for the
simulated galaxies in our TNG50 sample.

3.1. Multi-wavelength absolute magnitudes

We used the SKIRT code (Baesetal. 2011; Camps & Baes
2015, 2020) to generate broadband fluxes for each of the
galaxies in our sample. SKIRT is a general-purpose Monte
Carlo radiative transfer code that can be used for dust
radiative transfer (Baesetal. 2003, 2011), Lya resonant
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line scattering (Camps etal. 2021), X-ray radiative transfer
(Vander Meulen et al. 2023, 2024), and atomic and molecular
line radiative transfer (Matsumoto et al. 2023). Its prime appli-
cation is the generation of synthetic data for simulated galax-
ies extracted from cosmological hydrodynamical simulations
(recent examples include Bardati et al. 2024; Bottrell et al. 2024;
Garaldi et al. 2024; Gebek et al. 2024; Punyasheel et al. 2025;
Rhee et al. 2024; Feldmann et al. 2025; Joo et al. 2024). The
code accounts for the absorption, scattering, and polarisation by
interstellar dust, incorporating the different stellar populations
and the complex star—dust geometry.

To generate the absolute magnitudes, we used SKIRT in
its ExtinctionOnly mode, which avoids the costly calcu-
lation of the thermal dust emission (Camps et al. 2015). We
largely followed the modelling strategy described by Baes et al.
(2024a), which builds on previous work by Camps et al. (2016,
2018, 2022), Trayford et al. (2017), Kapoor et al. (2021), and
Trcka et al. (2022). We started by selecting from the TNG
archive (Nelson et al. 2019a) all the stellar particles and gas cells
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belonging to each simulated galaxy in our sample. We assigned
a template spectrum to each stellar particle. Particles older than
30 Myr were assigned a simple stellar population spectrum from
the BPASS template library (Eldridge et al. 2017), whereas par-
ticles younger than 30 Myr were assigned a star-forming region
template from the new TODDLERS library (Kapoor et al. 2023,
2024). Photon packets were randomly generated from these
sources and were propagated through the ISM, where they are
subject to absorption and scattering by dust grains. The dusty
medium was discretised onto an octree with up to 12 levels of
refinement (Saftly et al. 2013, 2014). Interstellar dust, not fol-
lowed as a separate species in the TNG50 simulation, was added
in post-processing to the ISM assuming a constant dust-to-metal
ratio fause = 0.2 (Trcka et al. 2022), a value determined by cali-
brating TNG50 fluxes to observed galaxies from the DustPedia
sample (Davies et al. 2017; Clark et al. 2018). To discriminate
between the cool dusty ISM and the hotter dust-free circum-
galactic medium, we used the prescription by Torrey et al. (2012,
2019), which defines a separation based on gas temperature and
density. We used the diffuse ISM THEMIS model (Jones et al.
2017) as our dust grain model.

SKIRT allows an arbitrary number of observer positions and
different options for the instruments, including broadband filter
photometers (Baes 2008; Camps & Baes 2020). Following the
setup for the TNG50-SKIRT Atlas (Baes et al. 2024a), we chose
five observers for each galaxy, spread on the unit sphere in opti-
mal arrangement. Their position was chosen relative to the sim-
ulation box, which has no connection to the orientation of each
individual galaxy. Two of the observer positions (O4 and O5)
are antipodal, resulting in a semi-redundancy. We used the data
corresponding to the O4 observer in the analysis and used the
OS5 position for consistency checks (see also Baes et al. 2024b).
Details of the observer positions can be found in Table 1 of
Baes et al. (2024a). For each observer position, we calculated
fluxes in the 12 UV to MIR broadband filters considered by P17:
the GALEX FUV and NUV bands, the SDSS ugriz bands, the
2MASS JHK; bands, and the Spitzer IRAC [3.6] and [4.5] bands.

An important aspect to consider is the correction for inter-
nal dust attenuation. We mimicked the observational approach
as applied in TFR studies and applied a correction on the dust-
attenuated fluxes. Two different schemes are commonly used in
TFR studies (for a discussion, see Verheijen 2001). The first
scheme, first presented by Tully et al. (1998) and refined by
Kourkchi et al. (2019), is empirical in nature. In each band, the
parameters of the attenuation, which can depend on a num-
ber of galaxy parameters, are chosen to minimise the scatter
in the TFR. The second scheme, proposed by Tully & Fouqué
(1985) and adapted by Tully et al. (1996), is a physically moti-
vated scheme based on an analytical two-phase radiative transfer
model. For our simulated galaxies, we opted for the second atten-
uation correction method. We come back to the dust attenuation
correction in Sect. 5.3.

The final step consisted of converting the dust-attenuation-
corrected fluxes to absolute magnitudes using the standard equa-
tions (throughout this paper we use AB magnitudes). Following
K20, we assigned conservative uncertainties of 0.10 mag to the
FUYV, NUV, and u-band absolute magnitudes, and 0.05 mag to
the absolute magnitudes in the other bands.

3.2. Hl line widths

Apart from the multi-band absolute magnitudes, we needed to
simulate the synthetic HI line profile and to calculate its width
for each observer position and for each galaxy in our final sam-

ple. In the TNGS50 simulation, the cold gas is not automatically
split in its atomic and molecular contributions. Indeed, TNG50
does not model the cold gas (below ~10*K) since the relevant
chemistry and cooling processes are not implemented. This HI-
H, partitioning thus needs to be done in post-processing using
subgrid recipes (Lagos et al. 2015; Diemer et al. 2018).

Various HI-H, partitioning recipes are
in the literature, with different levels of sophistica-
tion (e.g. Blitz & Rosolowsky 2006; Leroyetal. 2008;
Gnedin & Kravtsov 2011; Krumholz 2013; Gnedin & Draine
2014; Sternberg et al. 2014; Polzin et al. 2024). Our approach is
based on the framework described by Gebek etal. (2023).
We first ran a SKIRT radiative transfer simulation in
ExtinctionOnly mode to determine, in each individual
cell in the ISM, the radiation field strength at 1000 A, a com-
monly adopted proxy for the radiation field strength in the
Lyman—Werner band. This first step largely followed the steps
discussed in the previous subsection, with the exception that
we stored the radiation field strength in every individual cell.
Once this first step was finished, we used the UV radiation
field, together with the local gas density, the metallicity, and
the gas cell size, to determine the fraction of HI in each cell.
This was achieved using the subgrid recipe of Gnedin & Draine
(2014), which is an update of Gnedin & Kravtsov (2011).
With the HI density in each cell determined, we ran a second
SKIRT simulation, now in the GasEmission mode, with the
HI gas emitting the photon packets. These photon packets were
propagated to the observers, accounting for the Doppler shifts
and thermal broadening as described by Camps & Baes (2020).

The final result is a HI line profile for every observer. We
have chosen a velocity resolution of Skms~! in our synthetic
detectors. The HI line width W, was determined as the width
of the total profile at 20% of the peak value. We note that dif-
ferent approaches are adopted in the literature to determine the
HI line width. Some studies, including the original TFR study
(Tully & Fisher 1977), adopt the width of the total HI line pro-
file at 20% of the peak level, an approach we follow. Other stud-
ies, including VOI1 apply a more complex methodology in which,
in the case of a double-peaked profile, the peak fluxes on both
sides of the profile are considered separately for the calculation
of the 20% level (Verheijen & Sancisi 2001). Other studies con-
sider the line width at 50% of the peak or average HI flux, or use
more complex algorithms that are optimised for noisy HI pro-
files (Giovanelli et al. 1997; Springob et al. 2005; Masters et al.
2014a; P17; K20). Beside line widths based on the integrated H1
profile, one can also consider characteristic velocities based on
resolved rotation curves, such as the maximum rotation velocity
or the amplitude of the rotation curve in the outer flat part (e.g.
(VO1; P17). We return to the issue of the choice of the character-
istic velocity scale in Sect. 5.2.

The line width was corrected for the inclination, Wéo =
W,/ sini, where i represents the inclination. While the incli-
nation for observed galaxies is typically determined from axis
ratios in optical images or from spatially resolved kinematics,
we determined i as the angle between the line of sight and the
angular momentum vector of the stellar particles within twice the
stellar half-mass radius (Diemer et al. 2018). We discuss this
aspect more in Sect. 5.2. We assigned a random uncertainty
Alog Wéo to each inclination-corrected line width by sampling
from a Gaussian distribution with mean 0.027 and standard devi-
ation 0.017, based on measurements from K20.

In Fig. 3 we show synthetic RGB images and HI line pro-
files for four representative simulated galaxies of our TNG50
sample.

available
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Fig. 3. Three-colour images (top row) and HI profiles (bottom row) for four galaxies from our sample. The images have a field-of-view of 30 kpc,
and combine the SDSS g, r, and z band images according to the methodology of Lupton et al. (2004). The inclinations and the Wy, line widths are

indicated.

4. Results
4.1. The TNG50 multi-wavelength TFR

Fig. 4 shows the main result of this paper: the multi-wavelength
TFR for the 12 broadband filters we consider. In every band, there
is a clear correlation between the absolute magnitude and the
inclination-corrected HI line width. It is obvious, even by eye,
that the correlation can be well approximated by a power-law,
and that the scatter decreases with increasing wavelength. Indeed,
the relation has significant scatter in the UV bands and becomes
tighter when we move towards optical, NIR, and MIR bands.

To quantify the TFR, we applied linear regression, that is, we
fitted a straight line to the data of the form

M = a(log Wi, — (log Wiy)) + b, )

with a the slope of the line and b the intercept at the pivot
value (log Wéo), the mean value of log Wéo for the galaxies
in our sample (Papastergis et al. 2016). This is a trivial text-
book problem in the perfect-world case of no intrinsic scatter
and Gaussian distributed noise of known amplitudes in the y
direction only. The problem becomes significantly more cum-
bersome in the presence of intrinsic scatter, correlated and/or
non-Gaussian uncertainties in both quantities, and bad data (out-
liers). This has resulted in a plethora of more advanced lin-
ear regression methods (e.g. Jogesh Babu & Feigelson 1992;
Akritas & Bershady 1996; York et al. 2004; Hogg et al. 2010;
Saragli & Tiirkan 2013; Wu & Zhen 2018; Jing & Li 2024).

Following P17, we wused the Python code BCES
(Nemmen et al. 2012), which implements the robust bivari-
ate linear regression technique presented by Akritas & Bershady
(1996). The black lines in Fig. 4 are the result of this orthogonal
regression method. The details of the fit are listed in Table 1.
Apart from the slope and the zero-point, we also list the tightness
of the fit. As its symbol o, indicates, it is defined as the perpen-
dicular scatter’ between the data points and the best fitting linear
model (for details, see Papastergis et al. 2016; P17).

2 Note that the name ‘tightness’ for o, is slightly counter-intuitive: it
refers to the level of scatter, so the o, decreases as the relation becomes
tighter. To avoid confusion: we use the terminology that the tightness
improves if the relation becomes tighter and o, decreases.
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Fig. 5 shows how the slope (top panel) and the scatter (bottom
panel) of the multi-wavelength TFR relation change with increas-
ing wavelength. Neglecting the FUV band, the slope varies sys-
tematically with wavelength over the entire UV to MIR wave-
length range, in the sense that the TFR gradually steepens. The
shallowest slope of —7.46 + 0.14magdex™! is obtained in the
NUYV band, and the relation steepens towards a steep slope of
—-9.66 + 0.09 magdex™! in the IRAC [4.5] band. The tightness
of the TNG50 TFR also shows a prominent and systematic trend
as a function of wavelength: it starts at 0.116 + 0.006 dex in the
FUYV band and improves systematically in the optical regime until
it reaches the value of 0.046 + 0.001 dex in the J band. It remains
nearly constant at this level over the entire NIR and MIR regime.

4.2. Comparison to observations

For our comparison to observational TFR studies, we used a
two-tiered approach. We first compared our results to the multi-
wavelength TFR studies of VOI and P17, based on exactly the
same fitting method as ours. Subsequently we relaxed this condi-
tion and we compared our results to a broader selection of obser-
vational multi-wavelength TFR studies.

V01 performed a detailed TFR study in the BRIK’ bands for
spiral galaxies from the Ursa Major Cluster. He considered dif-
ferent subsamples based on different criteria and he used three
different kinematic measures: the width of the global HI profile,
the maximum rotation velocity obtained from the rotation curve,
and the velocity in the flat part of the rotation curve. In our
comparison, we focused on the results based on the integrated
HI profiles. In order to eliminate as many biases as possible,
we have fitted the TFR to the data that he presented using the
same fitting routine as we have used for our analysis rather than
directly using the fitting results from his study. From the differ-
ent options presented, we have selected two representative sam-
ples: the SI sample (38 galaxies for which useful HI synthesis
imaging is available) and for the more restrictive DE sample (12
non-interactive, late-type, unbarred galaxies with smooth outer
isophotes). In both cases, the TFR slopes we have calculated are
compatible with the slopes published by VOI within the error
bars.
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Fig. 4. Multi-wavelength TFR for the simulated disc galaxies in our TNG50 sample. The different panels correspond to different broadband filters

in order of increasing wavelength. The slope and the tightness of the TFR are indicated in the bottom right corner of each panel.

Table 1. Slope, zero-point, and tightness of the multi-wavelength TFR
of our TNG50 galaxy sample.

Band Slope a Zero-point b Tightness o,
[mag dex™!] [mag] [dex]
FUV  -7575+0.160 -17.429+0.019 0.116 +0.006
NUV  -7.464+0.142 -17.710+0.017 0.106 = 0.005
u =7.717 £0.103 —18.666 +0.012  0.070 = 0.002
g -8.089 £0.092 —-19.728 +0.010 0.058 + 0.001
r -8.427 +£0.089 -20.141 £0.010 0.052 +0.001
i -8.618 £0.087 —20.323 +£0.009 0.050 +0.001
z —8.833 £0.087 —20.510+0.009 0.048 +0.001
J -9.201 +£0.088 —20.654 +0.009 0.046 +0.001
H -9.407 £0.089 —-20.799 £ 0.009 0.045 +0.001
K -9.530+£0.089 —20.530+0.009 0.045 +0.001
[3.6] -9.607 +£0.090 —-19.745+0.009 0.045 +0.001
[45] -9.662+0.091 -19.284 +0.009 0.045 +0.001

P17 constructed the multi-wavelength TFR for a sample of
32 galaxies, in the same 12 UV-to-MIR broadband filters that we
consider in our study. Contrary to some other TFR studies which
aim at maximising the sample size, they aimed at constructing
a high-quality TFR study of a modest but representative sam-
ple of galaxies with independent distance measurements from
the Cepheid period-luminosity relation and/or TRGB stars. All
galaxies in their sample have interferometric HI data and global
HI profiles without evidence of distortion or blending. Follow-
ing V01, they also used different kinematic measures, and again,
we compared our results to the results they obtained from the
integrated HI profiles. The results were obtained with the same
fitting methodology as we applied for our TNG50 sample.
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Fig. 5. Slope (top panel) and tightness (bottom) panel of the TFR as
a function of wavelength. Black dots are our TNGS50 TFR results, the
coloured lines are the results from the observational samples of VO1
and P17. All results in this figure are based on the same fitting method.
Shaded regions indicate 1-0- uncertainty intervals.

The two panels of Fig. 5 show, apart from our TNGS50 results,
the wavelength dependence of the slope and the tightness of the
TFR from VOI (separately for the SI and DE samples) and P17.
For the three different samples, we see the same trend as for
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Fig. 6. Wavelength dependence of the slope of the multi-wavelength
TFR. The different studies are indicated in the top left corner. Shaded
regions indicate 1-0- uncertainty intervals. Contrary to Fig. 5, this figure
includes a wider selection of observed TFR studies with a more diverse
range of fitting strategies.

our TNG50 data: as we move to longer wavelengths, the TFR
becomes steeper and tighter. Looking more quantitatively at the
wavelength dependence of the slope and tightness, a number of
aspects are worth noting.

Interestingly, the slope of our TFR seems to be sandwiched
between the values of the two V01 subsample slopes: the SI
slope is consistently shallower than ours, whereas the DE slope
is consistently steeper. At the same time, the DE TFR is tighter
than our TNG50 TFR, which in turn is tighter than the SI TFR. It
is clear that the details of the sample selection play a major role
for the characteristics of the TFR, an aspect to which we return
in Sect. 5.2.

Comparing the slope of our TNG50 sample to the slope
determined by P17, we note that our slopes systematically
steepen from the NUV to the [4.5] band, whereas their slopes
only steepen over a slightly smaller wavelength interval, from
the u band to the K band. The most important difference is
that they found a significantly shallower TFR in the blue opti-
cal bands. The difference is largest in the g band: while we find a
slope of —8.11 +0.10 mag dex !, they found the much shallower
value of —6.11 = 0.33 magdex™. In the NIR bands, the slopes
agree quite well. Turning to the bottom panel, the agreement
between the tightness of our TNG50 TFR and the one obtained
by P17 is striking.

In Fig. 6 we extend the comparison of the wavelength depen-
dence of the TFR slope to a wider selection of multi-wavelength
TFR studies, now not necessarily with a similar fitting strat-
egy. Apart from our own results and the VO1 and P17 results
already discussed, this figure contains the TFR slopes obtained
by Sakai et al. (2000), Karachentsev et al. (2002), Masters et al.
(2008, 2014b), and Kourkchi et al. (2020). From each of these
studies, if several versions of the TFR were available, we have
selected the one that was most similar to our approach.

Sakai et al. (2000) derived the TFR in the BVRIH bands
based on a sample of 21 galaxies with Cepheid distances. In
the optical, their slopes agree very well with our determina-
tions, whereas the slope they measure in the H band is par-
ticularly steep. Karachentsev et al. (2002) considered a sample
of 450 galaxies selected from the Revised Flat Galaxy Cat-
alog (Karachentsev et al. 1999). They found very flat slopes,
which is probably due to the fact that they selected galaxies
that are very close to edge-on, which significant attenuation
uncertainties. Masters et al. (2008, 2014b) measured the TFR
in the 2MASS NIR bands based on 888 galaxies selected from
the 2MASS Extended Source Catalog, and found a relatively
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steep TFR when they considered the entire sample. Finally,
Kourkchi et al. (2020) presented an impressive study of the TFR
in the SDSS ugriz and WISE W1 and W2 bands, based on a sam-
ple of about 600 galaxies in 20 galaxy clusters in the frame of
the Cosmicflows-4 project (Tully et al. 2023). Their slopes agree
very well with the ones we have obtained for our TNG50 sample.

In general, all of these studies consistently show a system-
atic steepening of the slope with increasing wavelength over the
optical-MIR wavelength range. Given the spread among the dif-
ferent studies, we can state that our TNG50 sample reproduces
the observed slope of the TFR in a very satisfactory way.

4.3. Search for a second parameter

Many TFR studies have addressed the issue of whether the scat-
ter in the TFR is purely intrinsic, or whether a second parameter
can be called to reduce the scatter. This is usually investigated
by correlating the residuals from the best-fitting TFR with other
physical properties of the galaxies. Several studies have found
that the scatter in the blue bands does correlate with colour
or with the galaxy morphological type (Aaronson & Mould
1983; Rubin et al. 1985; Giovanelli et al. 1997; Russell 2004;
Masters et al. 2006; Makarov et al. 2018; Kourkchi et al. 2020).
This correlation tends to weaken towards redder bands. Whether
or not a colour term is still capable or reducing the scatter in the
NIR bands is still matter of discussion: some studies find that
the correlations with a colour term disappear in the NIR TFR
(Verheijen 2001; P17), others argue that the scatter in the NIR
bands can still be reduced by the introduction of a colour adjust-
ment term (Sorce et al. 2013; Neill et al. 2014).

As we have access to both synthetic observations and intrin-
sic physical properties for all of the galaxies in our TNG50 sam-
ple, it was easy to apply this exercise for our TFR. In each
band, we calculated for each galaxy the residual AM between the
actual absolute magnitude and the magnitude expected from the
TFR. Subsequently we calculated, for a range of physical prop-
erties, the Spearman rank correlation coefficient between AM
and the physical property. We explored eight different proper-
ties: four extensive properties (stellar mass, dark matter mass, HI
mass, and SFR) and four intensive properties (specific HI mass,
specific SFR, dust-corrected u — r colour, and dust-corrected
i — [3.6] colour). The Spearman rank correlation coefficients,
rs, as a function of wavelength for each of these properties, are
shown in Fig. 7.

Using the conventional interpretation that correlations with
|rs] < 0.1 are negligible and correlations with 0.1 < |r| < 0.4
are weak (e.g. Schober et al. 2018), we find that the correla-
tions between each of the four extensive properties and AM are
weak at most (blue hues in Fig. 7). This even applies to the UV
bands in which the scatter of the TFR is quite significant. For
the intensive properties (red hues in Fig. 7) the situation is quite
different. For each of the four intensive properties probed, we
find a moderate (0.4 < |r5] < 0.7) to strong (0.7 < |rg] < 0.9)
correlation with the TFR residuals in the UV bands. The corre-
lations between these intensive properties and the TFR residu-
als in the NUYV, g, z, and [3.6] bands are shown in Fig. 8. The
strongest correlations are with SSFR or u — r colour, two proper-
ties that are closely related (Baldry et al. 2004; Schawinski et al.
2014; Bremer et al. 2018). The strength of each of these corre-
lations quickly decreases for increasing wavelengths, however.
Even the strongest correlations already enter the weak qualifi-
cation regime in the r band and they become negligible in the
NIR bands. For the case of the u — r colour, we list the Spearman
rank coefficients and p-values for the correlation as a function
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Fig. 7. Search for a second parameter in the TFR. The plot shows
the Spearman rank correlation coefficients for the correlations between
AM, the residual between the actual absolute magnitude and the mag-
nitude expected from the TFR, and eight different galaxy properties, as
a function of the broadband. Extensive galaxy properties are shown in
blue hues, intensive properties in red hues. The grey band corresponds
to |ry] < 0.4, usually considered as the region of negligible to weak
correlations.

of wavelength in Table 2. Based on the p-values, the correlation
between the residual of the TFR and the u—r colour is significant
up the J band.

To quantify by how much a second parameter can reduce
the scatter, or improve the tightness, of the TFR, we reran our
fitting routine with the observed absolute magnitudes modified
with the optimal linear correction. In other words, we replaced
the absolute magnitudes M by

Mmod =M+ (aQ AM + bQ) (3)

with a¢ and by the slope and intercept of the best-fitting linear
relation between the intensive property Q and the residual from
the TFR (the dotted lines in Fig. 8). For the case Q = u — r, the
slopes and intercepts are tabulated in Table 2 and the modified
multi-wavelength TFR is shown in Fig. 9. The slope, zero-point,
and tightness of the multi-wavelength modified TFR is listed in
Table 3, and the wavelength dependence of the slope and tight-
ness are plotted in Fig. 10.

Compared to the original TFR shown in Fig. 4 it can immedi-
ately be noted that the scatter in the shortest-wavelength panels is
significantly reduced. This is also confirmed in the bottom panel
of Fig. 10. Contrary to the improving tightness with increasing
wavelength of the original TFR, the tightness of the modified
TFR is nearly constant at o, > 0.045dex (it ranges between
0.051 dex in the FUV band to 0.046 dex in the [4.5] band). This
is the value of the tightness of the original TFR in the NIR and
MIR bands, for which the correction with a second parameter
has not improved the tightness. The correction of absolute mag-
nitudes by u — r colour is responsible for nearly all the scatter,
except for a wavelength-independent intrinsic level.

Interestingly, also the slope of the TFR changes when the
absolute magnitudes are modified (top panel of Fig. 10): the
slope now shows much less variation and changes only weakly
from —8.62 magdex™! in the u band to —9.61 magdex~! in the
[4.5] band.

5. Discussion and outlook

The main goal of this paper was to construct the multi-
wavelength TFR for a set of representative disc-dominated

galaxies selected from the TNGS50 simulation and to check
whether it can reproduce the relative behaviour of the TFR as
a function of wavelength. Based on the Figs. 5 and 6 we can
safely state that this is the case.

5.1. Implications for the TNG50 simulation

As indicated in the Introduction, reproducing the STFR or
BTFR proved to be a challenge for early ACDM galaxy
formation simulations, but recent hydrodynamical simulations
with refined feedback mechanisms proved to be more success-
ful (Vogelsberger et al. 2014; Sales et al. 2017; Glowacki et al.
2020, 2021; Dubois et al. 2021; Goddy et al. 2023). The degree
to which the STFR depends on the details of the feed-
back prescriptions is not completely clear. On the one hand,
Torrey et al. (2014) found that the STFR in the Illustris simu-
lation (Vogelsberger et al. 2014) is relatively insensitive to the
feedback prescriptions; they only noted that the inclusion of
feedback is critical. On the other hand, Crain et al. (2015) found
that the STFR is sensitive to the feedback prescriptions in the
EAGLE simulation (Schaye et al. 2015).

Ferrero et al. (2017) argued that, for galaxies to both lie on the
STFR and satisfy the non-monotonic galaxy—halo mass relation
as determined from abundance matching (Behroozi et al. 2013;
Moster et al. 2013), their sizes need to satisfy specific constraints.
This implies that the STFR is a sensitive probe of both the galaxy—
halo mass relation and galaxy sizes. They showed that simu-
lated disc-dominated galaxies from the EAGLE simulation satisfy
these constraints reasonably well. For the TNGS50 simulation, it
has also been demonstrated that the galaxies broadly agree with
the abundance matching galaxy—halo mass relation (Engler et al.
2021) and with the galaxy size-mass relation (Pillepich et al.
2019; Varma et al. 2022), such that it is to be expected that the
simulation is also consistent with the observed STFR. This on
its own does not yet guarantee the good agreement with the
multi-wavelength TFR that we have found here. Indeed, this also
depends on the HI properties, the stellar populations, and the dust
attenuation characteristics, which depend on the TNG50 simu-
lation and the radiative transfer postprocessing. The solid agree-
ment found boosts the confidence in the TNG50 galaxy formation
model and the SKIRT methodology for generating synthetic data.

An interesting aspect in this context is the sensitivity to
resolution in the suite of TNG simulations. The TNG model
was calibrated at a resolution of the original Illustris simulation
(Vogelsberger et al. 2014; Genel et al. 2014), roughly equal to
the resolution of the TNG100 simulation. The TNG50 simu-
lation was run with, apart from a few minute differences, the
same physical model and the same parameters for the subgrid
physics recipes. Within the TNG model, an improved mass and
spatial resolution results in slightly larger galaxy masses, SFRs,
and luminosities (Pillepich et al. 2018a,b, 2019; Donnari et al.
2019; Trcka et al. 2022; Gebek et al. 2024). Specifically, at a
given dark matter halo mass, the median stellar mass of a TNG50
galaxy is about 50% larger than the median stellar mass of
a TNGI100 galaxy (Engler et al. 2021). To which degree this
affects the slope and scatter of the TFR is hard to predict. One
way to test this is to repeat our analysis for the TNG100 sim-
ulation, for which Goddy et al. (2023) showed that the BTFR
agrees well with the one based on the MaNGA (Bundy et al.
2015) and HI-MaNGA (Masters et al. 2019; Stark et al. 2021)
surveys. Such an effort would be useful to investigate the effect
of resolution on the multi-wavelength TFR.

Along the same line, it would be most useful to perform
a similar analysis for galaxy formation models with different
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and i — [3.6] colour). The different rows correspond to different broadband filters (from top to bottom: NUYV, g, z, and [3.6]). In each panel, the
dotted line is the best-fitting linear fit to the data, and the Spearman rank correlation coefficient is indicated in the top right corner.

Table 2. Correlation between the residual AM from the TFR and u — r

colour.
Band Ts p-value Slope Zero-point
FUV -0.839 0 —2.849 £0.038  4.725 = 0.064
NUV -0.819 0 -2.518 £0.036  4.176 +0.061
u —-0.604 0 -1.226 £ 0.036  2.035 + 0.060
g -0.425 8.13x 107 -0.709 £ 0.035  1.176 + 0.060
r -0.281 3.21x 107 -0.406 +0.035 0.674 +0.059
i -0.204 1.33x1072! -0.272+0.035 0.451 +0.058
b4 -0.147 9.81x 10712 -0.178 +£0.034  0.296 + 0.058
J -0.068 0.00188  —0.060 +0.035 0.099 +0.058
H —-0.022 0.322 0.006 +0.035 —0.010 + 0.058
K -0.003 0.883 0.032 +0.035 -0.054 + 0.059
[3.6] —0.006 0.782 0.030 +0.036 —0.049 = 0.060
[4.5] -0.001 1 0.039 +0.036 —0.065 + 0.060

Notes. Second and third column: Spearman rank coefficient, and p-
value. Fourth and fifth column: slope and zero-point of the best-fitting

linear relation between AM and u — r colour.
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physical ingredients and different feedback models. An obvi-
ous starting point could be the TNG variation volumes, which
correspond to simulations with different values for many of
the key parameters, including the ones related to feedback
(Pillepich et al. 2018b). Another interesting option is the recent
simulation by Ramesh et al. (2024), which adds cosmic ray pro-
duction and transport to the IustrisTNG model. Cosmic rays
significantly reshape the galaxy—halo mass relation while affect-
ing galaxy sizes in a milder manner; given the importance of
both of these relations in shaping the STFR (Ferrero et al. 2017),
it would be interesting to see how the TFR relation is affected
by cosmic rays. Apart from simulations from the IllustrisTNG
family, our modelling approach can also be applied to other
large-volume cosmological simulations such as the original
Illustris, EAGLE, SIMBA (Davéetal. 2019), NewHorizon
(Dubois et al. 2021), or FIREbox (Feldmann et al. 2023). In
principle, this could be straightforward, since the postprocess-
ing algorithms applied in our analysis do not specifically depend
on the characteristics of the hydrodynamical simulation. It falls
beyond the scope of this paper, however.
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Fig. 9. Modified multi-wavelength TFR for our TNG50 galaxy sample, with the modified magnitudes based on the u — r colour as a second
parameter. As in Fig. 4, the different panels correspond to different broadband filters and the slope and the tightness of the TFR are indicated in

the bottom right corner of each panel.

Table 3. Slope, zero-point, and tightness of the multi-wavelength mod-
ified TFR of our TNG50 galaxy sample.

Band Slope a Zero-point b Tightness o,
[mag dex™!] [mag] [dex]
FUV  -9.081 +£0.086 —17.492+0.010 0.052 +0.002
NUV -8.802+0.081 -17.710+0.009 0.051 +0.002
u -8.616 £ 0.081 —18.666 +0.009 0.052 + 0.002
g -8.743 +0.081 —19.727 +£0.009 0.051 = 0.002
r -8.841 £ 0.079 -20.141 +£0.009 0.049 +0.002
i —8.905 +£0.078 —20.323 +0.009 0.048 + 0.002
z -9.026 +£0.077 -20.510 = 0.009 0.047 = 0.002
J -9.267 £ 0.077 —20.654 +£0.009 0.046 = 0.002
H -9.399 +£0.078 —20.799 + 0.009  0.045 + 0.002
K; -9.490 + 0.078 —20.530 = 0.009 0.045 + 0.002
[3.6] -9.572+0.079 -19.745+0.009 0.045 +0.002
[4.5] -9.613+0.080 —19.284+0.009 0.045 +0.002

Notes. Modified magnitudes based on the u — r colour as a second
parameter.

5.2. Towards a more stringent comparison

The fact that our TNG50 TFR reproduces the slope and tightness
of the observed TFR rather well is reassuring, but that different
observational TFR studies predict widely varying slopes devalu-
ates to some degree its power as a test for galaxy evolution mod-
els. In this subsection we discuss how we can work towards a
more stringent comparison between the observed and simulated
TFR.

In its original form (Tully & Fisher 1977), the TFR corre-
lates the inclination-corrected width of the integrated HI profile

FUV  NUV u g roi z J Ks [3.6]14.5]

—10+

slope [mag dex~1]

TNG50 TFR
—— TNG50 modified TFR |

(=}
=
(=]

o
o
=)

o
o
=)

tightness o, [dex]

05 1 2 5
wavelength [um]

0.2

Fig. 10. Slope (top panel) and tightness (bottom) panel of the modified
TFR as a function of wavelength. Modified magnitudes based on the u—
r colour as a second parameter. The slope and tightness of the original
TFR are shown in grey.

to the attenuation-corrected luminosity of galaxies. This is also
the approach we have followed here. Other options are possi-
ble for the choice of the characteristic velocity scale, however,
and it has been demonstrated that this particular choice system-
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atically affects the slope and the scatter of the (baryonic) TFR
(VOI; Noordermeer & Verheijen 2007; P17; Lelli et al. 2019;
Goddy et al. 2023). Adopting a measure based on the line width
of the integrated HI velocity profile typically results in a shal-
lower TFR than when characteristic velocities based on spatially
resolved rotation curves are used. The tightest TFR is obtained
when the amplitude of the rotation curve in the flat part (vg,)
is adopted as characteristic velocity. We are currently work-
ing on generating mock HI data cubes for a sample of TNG50
galaxies, using an adapted version of the HI post-processing of
Gebek et al. (2023). From these data cubes, we are deriving rota-
tion curves using 3°?’BAROLO (Di Teodoro & Fraternali 2015)
in a similar way as done for real observations (Kunene et al.
2024). Based on these synthetic HI velocity curves, we plan to
explore different measures for the characteristic velocity used in
the TFR.

Another aspect in which we can tighten the mimicking of
the observational approach is the determination of the incli-
nation. For galaxies with resolved HI kinematics, the incli-
nation can be determined from the detailed rotation curve
modelling. For larger samples of galaxies without such infor-
mation, the inclination is usually derived from the observed
axial ratios of the isophotes in optical images (Giovanelli et al.
1994; Tully & Courtois 2012; Tully et al. 2013). Kourkchi et al.
(2020) showed that kinematically determined inclinations are
slightly but systematically more face-on than the inclinations
from optical images. For our galaxies, we determined the incli-
nation directly as the angle between the direction towards the
observer and the stellar angular momentum vector. We chose
this option because we do not have access to the kinematic incli-
nation. We do have synthetic optical images for about half of
the sample, namely the ones with stellar masses between 10°8
and 10'?> My, as these galaxies are incorporated in the TNG50-
SKIRT Atlas (Baes et al. 2024a). We estimated the effect of the
choice of the inclination on the TFR by replacing the angular-
momentum-based inclination by the axis-ratio-based inclination
for this subset of galaxies, and found essentially no difference.
In future work, using the inclinations from rotation curve fits
to synthetic HI data cubes will further minimise differences
between the observed and simulated TFR.

Finally, an important aspect that should be considered in
future work is a stronger matching of the sample selection. VO1
demonstrated the effect of different sample selection criteria on
the slope, zero-point, and scatter of the TFR. These effects are
substantial: for example, the slope of the B-band TFR was found
to vary between —6.8 + 0.1 mag dex ™" for the complete HI sam-
ple and —9.0 + 0.4 mag dex™" for the subsample of galaxies with
a classical flat rotation curve. We also clearly illustrated the
effect of the sample selection in Fig. 5: both in slope and tight-
ness, our TNG50 TFR is sandwiched between the VOI results
corresponding to the SI and DE subsamples. The difference
between both samples is that galaxies with bars, ongoing inter-
actions, or disturbed morphologies are eliminated from the for-
mer sample. Turbulent pressure, non-circular motions, and out-
of-equilibrium effects can cause significant deviations between
the estimated rotation velocities and the actual circular velocity
(e.g. Wellons et al. 2020; Downing & Oman 2023; Sands et al.
2025).

As discussed in Sect. 2, we selected our sample to be broadly
representative of the star-forming, disc-dominated galaxy popu-
lation in the local Universe. However, we did not apply a further
selection on the basis of HI morphology or rotation curve charac-
teristics (which we do not have at this moment). Our sample thus
most probably includes galaxies with more distorted HI profiles

AS52, page 12 of 15

and disturbed kinematics. In the future, with detailed HI maps
and *°BAROLO rotation curves at our disposal, we will be able
to select a sample with only galaxies with regular HI morpholo-
gies and with high-quality and well-behaved HI rotation curves.

5.3. Internal dust attenuation

An important aspect in TFR studies is the correction for inter-
nal dust attenuation. As discussed in Sect. 3.1, two different
schemes are commonly used in TFR studies, and we decided to
use the physically motivated scheme of Tully & Fouqué (1985)
and Tully et al. (1996). As clearly illustrated by V01, the choice
of the correction for internal attenuation is most uncertain and it
can significantly affect the slope and scatter of the TFR relation
in the optical passbands.

Since we work with simulated galaxies, we can artificially
turn off attenuation and calculate the intrinsic absolute magni-
tudes for each galaxy. To calculate the intrinsic absolute mag-
nitudes, we reran SKIRT in the NoMedium mode with the
same settings as described in Sect. 3.1. In essence, this just
projects the intrinsic emission of the stellar populations on the
simulated detectors without interaction with a dust medium.
The result of these runs is intrinsic absolute magnitudes in
the same bands and for the same orientations of all simulated
galaxies in our TNGS50 sample. We subsequently calculated the
dust-corrected absolute magnitudes by applying the correction
scheme of Tully & Fouqué (1985) and Tully et al. (1996) to the
dust-attenuated magnitudes.

The comparison of the intrinsic absolute magnitudes (Mjy),
dust-attenuated or observed absolute magnitudes (Mys), and
dust-corrected absolute magnitudes (M) is shown in Fig. 11
for the GALEX NUYV, SDSS r, and 2MASS H bands. In each
panel, the pink dots compare the dust-attenuated to the intrin-
sic absolute magnitudes. Due to dust attenuation, the observed
flux decreases, resulting in a position below the diagonal line®.
As expected, the effect of dust attenuation is strongest in the UV
and decreases with increasing wavelength (Salim & Narayanan
2020). The chocolate dots compare the dust-corrected to the
intrinsic absolute magnitudes. In general, the applied correction
scheme does a reasonable job in correcting for the attenuation, in
the sense that the points return to a position around the diagonal
line (in the ideal case, they would all exactly lie on the diago-
nal line). We also see a decrease of the coefficient of determi-
nation R?> when we go from the intrinsic versus dust-attenuated
to the intrinsic versus dust-corrected absolute magnitudes. In the
r and H bands, the correction is very good for the more lumi-
nous galaxies, but the method tends to slightly over-correct the
attenuation for the less luminous galaxies.

There have been recent efforts to improve on these attenua-
tion correction schemes. Based on a sample of more than 2000
local spiral galaxies with SDSS, WISE, and HI data available,
Kourkchi et al. (2019) constructed a parametric empirical model
for dust attenuation, which is subsequently used in their TFR
study (K20). Their empirical model depends on inclination and
a single principle component that is a linear combination in
roughly equal parts of HI line width, a NIR — Hi pseudo-colour,
and the mean effective NIR surface brightness.

From another angle, there are various recent and ongo-
ing efforts to generate recipes for the attenuation based on the
results of radiative transfer calculations of simulated galaxies

3 In face-on view, scattering can lead to an increase of the flux, leading
to an effective negative attenuation (Byun et al. 1994; Baes & Dejonghe
2001). Since we only consider galaxies with inclinations above 45 deg,
this does not apply to the current sample.
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Fig. 11. Accuracy of the attenuation correction scheme of Tully & Fouqué (1985) and Tully et al. (1996). The three panels correspond to three
different broadbands: GALEX NUV, SDSS r, and 2MASS H. Pink dots compare the intrinsic to the dust-attenuated absolute magnitudes for the

galaxies in our TNG50 sample. Chocolate dots compare the intrinsic to the attenuation-corrected absolute magnitudes.

extracted from cosmological hydrodynamical simulations (e.g.
Narayanan et al. 2018; Trayford et al. 2020; Lower et al. 2022;
Faucher & Blanton 2024). The continuous release of very realistic
cosmological simulations, combined with the increased capabil-
ities of 3D dust radiative transfer opens new avenues to improve
the existing recipes. Particularly interesting in this regard are sim-
ulations that self-consistently model dust formation and evolution
(e.g. Aoyama et al. 2018, 2020; Granato et al. 2021; Choban et al.
2022; Narayanan et al. 2023; Matsumoto et al. 2024). We are
currently working on using our SKIRT radiative transfer mod-
els based on well-resolved simulated galaxies from the TNG50
(Trékaet al. 2022; Baesetal. 2024a), Auriga (Kapoor et al.
2021), and ARTEMIS (Camps et al. 2022) simulations to create
a new physically motivated model for the internal attenuation in
spiral galaxies, and on testing the parametric attenuation model
of Kourkchi et al. (2019).

6. Summary

The TFR is one of the most fundamental empirical correlations
in extragalactic astronomy. Apart from its importance as a sec-
ondary distance indicator, the TFR relation serves as a test for
galaxy evolution models. In this study we have derived the TFR
relation in 12 broadband filters, ranging from GALEX FUV to
Spitzer IRAC [4.5], for a large sample of simulated galaxies
selected from the TNG50 cosmological hydrodynamical simula-
tion at z = 0. For each galaxy, we have used the SKIRT radiative
transfer code to generate realistic synthetic multi-wavelength
global fluxes and synthetic integrated HI line profiles. This
enables us to derive the multi-wavelength TFR in a way simi-
lar to the approach taken by observers. Our main results can be
summarised as follows.

— In every broadband considered, we find a clear correla-
tion between the absolute magnitude and the inclination-
corrected HI line width, which can be well approximated by
a power-law relation. The TNG50 TFR systematically steep-
ens with increasing wavelength over the NUV to MIR wave-
length range. The shallowest slope (=7.46 +0.14 mag dex™")
is obtained in the NUV band, the steepest slope (—9.66 +
0.09 mag dex™') in the IRAC [4.5] band.

— The tightness o, of the TNG50 TFR is worst in the FUV
band (0.116 = 0.022dex), and it systematically improves
in the optical regime until it reaches the value of 0.046 +
0.001 dex in the J band. It remains nearly constant at this
level over the entire NIR and MIR regime.

— Our TNGS50 TFR reproduces the characteristic behaviour of
the observed TFR in many studies: the TFR becomes steeper
and tighter as we move from optical to NIR and MIR wave-
lengths. Quantitatively comparing our slopes to those found
in observational TFR studies, we see that our results are well
within the spread of different observational results.

— We searched for a second parameter that can reduce the scat-
ter in the TFR. Correlating different physical galaxy prop-
erties to the residuals of the TFR, we found no extensive
property with a significant correlation strength, whereas sev-
eral intensive properties were found to show moderate to
strong correlations. In particular, the u —r colour or the sSSFR
can significantly reduce the scatter in the UV and optical
bands. Using u — r colour as second parameter, the modi-
fied TFR has an almost constant intrinsic tightness of about
0.046 dex over the entire UV to MIR range.

This study is, to the best of our knowledge, the most detailed
study of the multi-wavelength TFR for a large-volume cosmo-
logical hydrodynamical simulation. There are various ways in
which this study can be improved or generalised, for example:

— In order to compare the multi-wavelength TFR of simulated
and observed galaxies in a more stringent way, the availabil-
ity of HI data cubes and rotation curves would be an impor-
tant step forward. This will allow the construction of a bet-
ter matched sample selection, the use of kinematics inclina-
tions, and the use of different characteristic velocity scales
than the integrated HI profile width. A more advanced inter-
nal attenuation correction recipe would also help to limit
biases.

— This study was based on the TNG50 simulation because it
combines a large simulation volume with a relatively high
mass and spatial resolution. A similar exercise for different
simulations, in particular TNG100, would be useful to inves-
tigate the effect of resolution.

— One the fascinating prospects of new blind MeerKAT L-
band surveys such as MIGHTEE-HI (Maddox et al. 2021) or
LADUMA (Blyth et al. 2016) is that it is becoming possible
to extend scaling relations to (slightly) higher redshift, and
thus to explore the redshift evolution of the galaxy popula-
tion in terms of their HI properties (e.g. Ponomareva et al.
2021; Sinigaglia et al. 2022, 2024; Pan et al. 2023). In atten-
dance of the SKA, which will take these relations to red-
shifts far beyond 1 (Rawlings et al. 2004; Yahya et al. 2015),
extending the predictions for the TFR relations to higher z is
an obvious next step (see also Glowacki et al. 2021).
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