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ABSTRACT

Using a sample of ~15,000 kpc-scale star-forming spaxels in 28 galaxies drawn from the
ALMA-MaNGA QUEnching and STar formation (ALMaQUEST) survey, we investigate the
galaxy-to-galaxy variation of the ‘resolved’ Schmidt-Kennicutt relation (rSK; Xy, - Xspr),
the ‘resolved’ star forming main sequence (rSFMS; X, - Zspr) and the ‘resolved’ molecular
gas main sequence (tMGMS; Z, - Zy,). The rSK relation, rSFMS and rMGMS all show sig-
nificant galaxy-to-galaxy variation in both shape and normalization, indicating that none of
these relations is universal between galaxies. The rSFMS shows the largest galaxy-to-galaxy
variation and the rMGMS the least. By defining an ‘offset” from the average relations, we
compute a ArSK, ArSFMS, ArMGMS for each galaxy, to investigate correlations with global
properties. We find the following correlations with at least 20" significance: the rSK is lower
(i.e. lower star formation efficiency) in galaxies with higher M, larger Sersic index and lower
specific SFR (sSFR); the rfSFMS is lower (i.e. lower sSFR) in galaxies with higher M, and
larger Sersic index; the rIMGMS is lower (i.e. lower gas fraction) in galaxies with lower sSFR.
In the ensemble of all 15,000 data points, the rSK relation and rMGMS show equally tight
scatters and strong correlation coefficients, compared with a larger scatter and weaker corre-
lation in the rSFMS. Moreover, whilst there is no correlation between ArSK and ArMGMS in
the sample, the offset of a galaxy’s rSFMS does correlate with both of the other two offsets.
Our results therefore indicate that the rfSK and rMGMS are independent relations, whereas
the rSFMS is a result of their combination.
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1 INTRODUCTION

In science, observing correlations between macroscopic variables
has the potential to convey vital insight into underlying physical
processes. There are numerous examples of such scaling relations
in the field of extra-galactic astronomy, such as the Tully-Fisher
relation (Tully & Fisher 1977), the Faber-Jackson relation (Faber
& Jackson 1976), the M-o relation (Ferrarese & Merritt 2000) and
the luminosity- or mass-metallicity relation (Lequeux et al. 1979).
However, disentangling the fundamental nature of such relations
from the inter-relation between variables can be complex and leads
to the frequent caveat that ‘correlation does not imply causation’.
Extracting meaningful physical insight from empirical correlations
therefore requires careful multi-variate dissection in order to iden-
tify the underlying drivers of these correlations (e.g. Bothwell et al.
2016; Dey et al. 2019; Bluck et al 2020a,b).
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In galaxy evolution, the present day gas reservoir, the cur-
rent star formation rate (SFR) and the total stellar mass (M,) of
a galaxy encapsulate the on-going and cumulative history of the
galaxy’s growth. For star forming galaxiesﬂ these three global pa-
rameters show strong inter-correlations. A galaxy’s total SFR cor-
relates almost linearly with total stellar mass in what has become
known as the ‘star-forming main sequence’ (SFMS; Brinchmann et
al. 2004; Daddi et al. 2007; Noeske et al. 2007a; Salim et al. 2007).

! In this paper, we focus on the nature of star-forming galaxies and kpc-
scale spaxels. Galaxies and regions that are not actively star forming, or ion-
ized by different processes, are known to deviate from the standard scaling
relations (e.g. as reviewed by Sanchez 2020) and are not considered here.
However, see Ellison et al (2021) for an analysis of the resolved molecular
gas main sequence in ‘retired’ spaxels in ALMaQUEST.
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In turn, the star formation rate correlates with total (Schmidt 1959;
Kennicutt 1989), molecular (Wong & Blitz 2002; de los Reyes &
Kennicutt 2019) and dense molecular (Gao & Solomon 2004; Wu
et al. 2005) gas. The latter of these has been proposed to be the
most ‘fundamental’ since the correlation between star formation
and dense molecular gas extends from scales of individual clouds
up to galaxies with relatively little scatter (e.g. Lada et al. 2010,
2012). Finally, the molecular and atomic gas masses correlate with
global galaxy stellar mass, as does the fraction of gas in the molec-
ular phase (Saintonge et al. 2011a, 2017; Huang et al. 2012; Both-
well et al. 2014; Cicone et al. 2017; Catinella et al. 2010, 2018;
Calette et al. 2018; Sorai et al. 2019; Casasola et al. 2020; Hunt
et al. 2020). Unsurprisingly then, all three of these star formation
related variables (SFR, M, and gas fractions) have been found to
be inter-connected, with gas content playing an important role in
regulating the global SFMS (Tacconi et al. 2013, 2018; Saintonge
et al. 2016, 2017; Piotrowska et al. 2020; Colombo et al. 2020).

Despite the existence of these global galaxy scaling relations
between SFR, stellar mass and gas, the underlying process that they
trace (i.e. star formation) occurs on much smaller scales. A deeper
insight into the fundamental physics of the star formation process,
and principles that regulate it, will therefore be best revealed by
investigating scaling relations on the sub-galactic scale. For the re-
mainder of this paper, following the convention that has emerged
in the literature, we will refer to such sub-galactic (typically, kpc-
scale) scaling relations as ‘resolvedﬂ

The kpc-scale correlation between the molecular gas surface
density (Zy,) and the SFR surface density (Xspr), also known as
the resolved Schmidt-Kennicutt (rSK) relation, is one of the most
extensively studied resolved galaxy scaling relations. Local sam-
ples of up to a few tens of galaxies that combine CO, HI and broad
band (e.g. optical and/or infra-red) data have been used to study
the interplay of molecular and atomic gas with star formation at
kpc or sub-kpc scales (e.g. Wong & Blitz 2002; Bigiel et al. 2008;
Schruba et al. 2011; Leroy et al. 2013). Several important results
have emerged from these detailed local galaxy studies. First, galax-
ies show little correlation between Xgpr and Xy (but see Bacchini
et al. 2019 for a volumetric correlation between HI and SFR). The
early correlations found between total gas surface densities and
srr (e.g. Kennicutt 1989, 1998a,b) are entirely driven by a tight
sequence between Xy, and Zgrg (e.g. Wong & Blitz 2002; Bigiel et
al. 2008). However, the correlation between Xy, and Zgpg (i.e. the
rSK relation) shows significant galaxy-to-galaxy variation (as well
as variation within a given galaxy), that dominates the scatter in the
ensemble data (e.g. Bigiel et al. 2008; Schruba et al. 2011; Leroy et
al. 2013; Shetty, Kelly & Bigiel 2013; Casasola et al. 2015; Zabel
et al. 2020). The variable rSK relations can be re-cast as galaxy-
to-galaxy variations in star formation efficiency (SFE=Xggr/Zp,)
which are found to have higher values in lower mass, low metal-
licity galaxies (e.g. Schruba et al. 2011; Leroy et al. 2013; Utomo
et al. 2018) and in late morphological types (e.g. Colombo et al.
2018; Sanchez 2020).

The advent of large optical integral field unit (IFU) surveys,
which enable kpc scale measurements of Xggr and Z,, quickly led
to the demonstration that the global SFMS is driven by a local scale
relationship of stellar mass and SFR surface densities (e.g. Sanchez

2 In practice, the resolution at which galactic scaling relations have been
studied ranges from tens of parsecs to a few kpc. The actual process of star
formation is not actually resolved in even the highest angular resolution
extra-galactic studies.

et al. 2013; Cano-Diaz et al. 2016, 2019; Gonzalez-Delgado et al.
2016; Hsieh et al. 2017; Ellison et al. 2018; Medling et al. 2018), al-
though the presence of a kpc-scale relation between SFR and stellar
mass had been ‘discovered’ some two decades earlier (e.g. Ryder
& Dopita 1994). Thanks to the abundance of data now available in
IFU surveys for these two variables, the resolved SEMS (rSFMS) is
perhaps the most extensively studied of the three relations consid-
ered in this paper. Like the rSK relation, there is significant galaxy-
to-galaxy variation seen in the kpc-scale rSFMS (e.g. Abdurro’uf &
Akiyama 2017; Vulcani et al. 2019, 2020; Enia et al. 2020; Hem-
mati et al. 2020; Casasola et al. in prep). Morphology seems to
play an important role in the regulation of the rSFMS for a given
galaxy (Gonzalez-Delgado et al. 2016; Maragkoudakis et al. 2017;
Medling et al. 2018; Pan et al. 2018; Cano-Diaz et al. 2019), as is
also well established to be true for the global SFMS (e.g. Wuyts et
al. 2011; Morselli et al. 2017; Cano-Diaz et al. 2019; Cook et al.
2020; Sanchez 2020; Leslie et al. 2020). However, when the sam-
ple is limited to disk galaxies, the rSFMS seems to be less variable,
with no residual mass dependence (Erroz-Ferrer et al. 2019; Enia
et al. 2020). Other factors which may affect an individual galaxy’s
rSFMS include total stellar mass (Belfiore et al. 2018; Wang et al.
2019), the presence of an active galactic nucleus (AGN; Cano-Diaz
et al. 2016, 2019; Sanchez et al. 2018), a recent interaction (e.g.
Pan et al. 2019; Thorp et al. 2019) and environment (Schaefer et al.
2017; Medling et al. 2018; Vulcani et al. 2020; Zabel et al. 2020).

Less well-studied is the resolved molecular gas main sequence
(rMGMS) correlation between X, and Xy,. Radial profiles of Xy,
have been presented in numerous works, demonstrating that high
Xy, occurs at small radii, which coincide with high X, (e.g. Leroy
et al. 2008; Schruba et al. 2011; Bigiel & Blitz 2012). Explicit
correlations between X, and Xy, were then shown by Shi et al.
(2011) for global quantities and Wong et al. (2013) for galactic
sub-regions. Recently, Lin et al. (2019) showed that the rMGMS
shows a scatter that is equally as tight as the rSK relation (see also
Morselli et al. 2020) and proposed that the existence of a rMGMS
reflected the importance of the stellar potential in governing inter-
stellar medium (ISM) conditions. Although reminiscent of the idea
of an ‘extended’ SK relation, in which Xgpg ZHZ"Z*ﬁ (e.g. Shi et
al. 2011), Lin et al. (2019) did not find a significant reduction in the
scatter around the rSK relation when X, was included, concluding
that the rSK and rMGMS are independently regulated. Finally, in
contrast to studies of the resolved rSFMS and rSK relation, there
has been no work to date on whether the rIMGMS (whose ensemble
scatter is small, Lin et al. 2019; Morselli et al. 2020) might exhibit
galaxy-to-galaxy variations.

We will collectively refer to the rSFMS, the rMGMS and the
rSK relation as the ‘star formation scaling relations’ in this paper. In
spite of the abundance of study on these scaling relations, past stud-
ies have generally tackled only one (or at most, two) of these scal-
ing relations at a time. Our goal in this paper is to present a unified
analysis of the three resolved star formation scaling relations for a
single sample of galaxies with homogeneously processed data, and
that spans a range of masses, morphologies and SFRs. In this way
we can more fully explore the co-dependencies of the relations, and
their correlations with global parameters, without the concerns that
come with comparing different datasets.

To achieve our objective, we use the ALMA-MaNGA
QUEnching and STar formation (ALMaQUEST) survey (Lin et
al. 2020). In Section [2| we review the characteristics of the AL-
MaQUEST survey and its galaxies, as well as providing a brief
summary of the observations and data products (which are de-
scribed more fully in Lin et al. 2020). In Section[3| we first establish
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the ensemble star formation relations for ~ 15,000 spaxels in our
sample, quantify the overall scatter, and present linear fits to these
relations. In Section[d] we investigate the rSEMS, tMGMS and rSK
relations on a galaxy-by-galaxy basis (i.e. quantifying the scaling
relations separately for each galaxy). We find that all three rela-
tions show galaxy-to-galaxy variations, demonstrating that none of
the couplings between Xy, , X, and Zgrg results in a single univer-
sal law. In Section [5] we present our method for quantifying the
galaxy-to-galaxy variations in the star formation scaling relations
and in Section [f] investigate how these variations are inter-related
on a galaxy-by-galaxy basis, providing insight into which relations
are independent and which are due to co-variance. Finally, in Sec-
tion [7] we investigate how the galaxy-to-galaxy differences in the
resolved star formation relations depend on the meta-properties of
the host galaxy. Our results are discussed in Section|[8|and our con-
clusions summarized in Section[0l

We adopt a Salpeter initial mass function and a cosmology in
which Hyp=70 km/s/Mpc, Q,,=0.3, Q,=0.7.

2 DATA

The core ALMaQUEST surveyﬂ consists of 46 galaxies selected
from the Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA; Bundy et al. 2015) survey with complementary obser-
vations made by the Atacama Large Millimeter Array (ALMA) of
CO (1-0). The ALMaQUEST galaxies are mostly in the redshift in-
terval 0.02 < z < 0.05, over which range 1 arcsecond corresponds
to ~ 0.5 - 1.0 kpc. ALMA observations were designed to deliver a
primary beam size (angular resolution) that is well matched to the
MaNGA point spread function (~ 2.5 arcsec), allowing the ALMA
data cubes to be projected onto the same spatial grids. The sample
properties, data reduction and products are described fully in the
main survey paper (Lin et al., 2020), so we review only the main
details here.

2.1 ALMaQUEST Survey Sample

The ALMaQUEST galaxy sample was selected to include a range
of specific star formation rates (sSFRs) for galaxies with total stel-
lar masses 10 < log (M,/M) < 11.5, in order to facilitate investiga-
tion of star formation from the green valley to the starburst regime.
The targeting of galaxies both in the throes of quenching, as well
as starbursts, results in a sample that is neither volumetrically com-
plete, nor statistically representative of the galaxy population in the
nearby universe. However, the ALMaQUEST sample is an excel-
lent complement to more representative surveys, such as EDGE-
CALIFA (Bolatto et al. 2017), which are lacking in the more ex-
treme galaxy types. Figure [T] shows the stellar mass and star for-
mation rates of the complete ALMaQUEST sample (symbols) with
respect to the full MaNGA DRI15 sample (grey contours). These
global values of stellar mass and SFR are taken from the PIPE3D
(Sanchez et al., 2016a, 2016b) value-added catalog (VAC, Sanchez
et al. 2018) and were derived through summing individual spaxel
values across the MaNGA data cubes.

3 http://arc.phys.uvic.ca/~almaquest/
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Figure 1. The global stellar mass and star formation rates for all of MaNGA
DR15 (grey contours) and the ALMaQUEST sample (symbols). The 28
galaxies used in this study are shown as filled circles. ALMaQUEST sample
galaxies excluded due to either high inclination or insufficent numbers of
star forming spaxels are shown with crosses.

2.2 MaNGA data products

Optical emission line fluxes are taken from the public PIPE3D data
cubes (Sanchez et al. 2016a,b, 2018) and corrected for internal ex-
tinction by assuming an intrinsic Ha/HB=2.85 and a Milky Way
extinction curve (Cardelli, Clayton & Mathis 1989). Star formation
rate surface densities (Xsgr) are computed from Ha luminosities
using equation 2 from Kennicutt (1998a), a technique that has been
shown to reproduce the UV and IR SFRs well in IFU data (Catalan-
Torrecilla et al. 2015). Typical errors in Zggg associated with uncer-
tainties in the He line flux are small (<0.02 dex), due to the large
Ha EW requirement used in our spaxel selection (see Sec 2.4). The
dominant source of uncertainty in Zggg is in the calibration itself,
which may be up to several tenths of a dex (e.g. Kennicutt et al.
1998a; Brinchmann et al. 2004; Bluck et al. 2020a). Stellar mass
surface densities are taken directly from the public PIPE3D data
products and have typical uncertainties of < 0.07 dex, although this
does not account for systematics stemming from choice of, e.g. ex-
tinction law, IMF and stellar evolution, which can be a few tenths
of a dex (e.g. Mendel et al. 2014). In order to correct for inclina-
tion effects, we compute de-projected galactocentric radii in units
of both kpc and the effective radius (R,), which typically extend to
1.5-2 R/R,, using the Sersic fit axial ratio from the NASA Sloan At-
las (NSA). All radii quoted in this paper adopt these de-projected
values and all surface densities (e.g. Xspr and X, ) are inclination
corrected.

2.3 ALMA observations and data products

CO(1-0) spectral line observations were obtained with
ALMA through programs 2015.1.01225.S, 2017.1.01093.S,
2018.1.00558.S (PI Lin) and 2018.1.00541.S (PI Ellison) between
2016-2019 in the array’s second most compact configuration (C43-
2). The single pointing primary beam size for this configuration is
~ 50 arcsec with an angular resolution ~ 2.5 arcsec. Integration
times ranged from 0.2 to 2.5 hours on source, using one high
resolution spectral window focused on the CO(1-0) line and one to
three additional low resolution continuum windows for calibration.
The data cubes were all processed using the Common Astronomy
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Software Applications (CASA; McMullin et al. 2007) package.
The final cubes have channel widths of 11 km s™! and root mean
square (RMS) noise of o,y = 0.2 — 2 mJy beam™!. CO(1-0)
luminosities were converted to molecular gas surface densities
(Zn,) via a constant conversion factor aco = 4.3 Mg pc? (K km
sH! (e.g. Bolatto et al. 2013) and inclination corrected in the
same way as the MaNGA surface density products. In Appendix
A we re-visit the assumption of a constant conversion factor,
repeating the major components of our analysis with a metallicity
dependent a¢p, showing that our choice of conversion factor does
not significantly affect our main conclusions.

To permit a mapping of the ALMA data cubes onto the
MaNGA data products, the ALMA data were first trimmed to the
size of that galaxy’s MaNGA cube (MaNGA IFU bundles range
in size from 12 — 32 arcsec chosen to match the galaxy size). A
fixed restoring beam size of 2.5 arcsec with pixel size of 0.5 arcsec
was then applied to the ALMA cube. These two steps resulted in
ALMA data cubes with the same size and sampling as the MaNGA
data products. Typical uncertainties in Xy,, based on the CO line
flux, are < 0.1 dex. The other main source of uncertainty in Xy, is in
the conversion factor (@ o), the influence of which is demonstrated
in the Appendix to not impact the conclusions of this work. SDSS
images and maps of data products such as X, , Zsgr and Xy, , as well
as further details regarding the data processing, can be found in Lin
et al. (2020).

2.4 Additional Sample Selection for This Work

From the full ALMaQUEST sample, we impose several additional
restrictions for the work presented here. First, we exclude highly
inclined galaxies by requiring that the axial ratio listed in the NSA
catalog b/a > 0.35. This criterion excludes 13 galaxies from the
parent ALMaQUEST sample. Additionally, we require that any re-
maining galaxies have at least 20 star forming spaxels with good
CO(1-0) detections, in order that we have sufficient statistics on
a galaxy-by-galaxy basis to investigate resolved scaling relations
in star forming regions. To implement this criterion we first re-
quire that the S/N of the CO line intensity in a given spaxel ex-
ceeds 2. The assessment of a spaxel as star forming proceeds in
several stepﬂ First, we require that the spaxel has a S/N>2 in each
of the following four optical emission lines: He, HB, [OIII]A15007,
[NII]26584. Second, the emission line ratios for the spaxel must lie
below the Kauffmann et al. (2003) designation for star formation
on the classic Baldwin, Phillips & Terlevich (1981; hereafter BPT)
diagram. Third, we impose an Ha equivalent width (EW) cut (e.g.
Cid-Fernandes et al. 2011). We experimented with several possi-
ble cuts between 3 and 6 A; since 98.5% of spaxels that pass the
preceding criteria have He EW > 6 A, we adopt this more strin-
gent cut. We note that there are very few spaxels in our sample that
are classified as AGN (according to a combination of BPT classi-
fication and requiring He EW > 6A; Cid-Fernandes et al. 2011).
A separate paper in this series (Ellison et al. 2021) investigates the
rMGMS of ‘retired’ spaxels with low Ho EW. Finally, we require
that log X, > 7.0, a criterion that excludes a handful of anomolously
small values from the PIPE3D data products. The resulting sample
consists of 28 galaxies (twice the number used to investigate scaling
relations in main sequence only galaxies by Lin et al. 2019), which

4 We have experimented with various versions of the star-forming spaxel
criteria, such as changing the S/N cut, or the BPT threshold. None of our
results depend strongly on these choices.

Table 1. Summary of global properties for ALMaQUEST galaxies used in
this work. The number of spaxels indicates the number in each galaxy that
pass the various detection and S/N thresholds required in both CO and in
optical emission lines.

Plate-ifu z log(M4/Mp)  log (SFR/yr)  Sersic Ny  # spaxels
8241-3703 0.02911 10.11 0.25 1.5 555
8615-3703 0.01845 10.19 0.40 1.6 291
8084-3702 0.02206 10.23 043 1.5 167
8082-6103 0.02416 10.31 0.39 14 784
8952-6104 0.02843 10.33 0.46 2.2 713
7977-3703 0.02782 10.35 0.40 0.9 653
8155-6102 0.03081 10.36 0.35 1.7 1041
7977-3704 0.02724 10.36 -0.39 33 305
8655-9102 0.04505 10.42 0.28 0.8 330
8450-6102 0.04200 10.43 0.64 1.0 633
8616-9102 0.03039 10.44 0.65 32 823
8082-12701  0.02703 10.48 0.12 3.01 1038
8156-3701 0.05273 10.52 0.87 0.9 424
8081-3704 0.05400 10.56 0.96 2.0 222
8081-9101 0.02846 10.60 0.32 1.8 269
8077-6104 0.04601 10.73 0.65 1.3 876
8952-12701  0.02856 10.73 -0.38 1.61 63
8078-6103 0.02859 10.75 0.61 1.9 932
8616-12702  0.03083 10.76 -0.24 442 190
8616-6104 0.05426 10.77 0.26 0.8 348
7977-12705  0.02724 10.85 0.47 4.85 367
8086-9101 0.04003 10.94 0.12 6.0 375
8078-12701  0.02698 10.95 0.40 3.51 705
8241-3704 0.06617 11.00 1.21 1.9 561
8083-12702  0.02104 11.22 0.67 2.62 1893
7977-9101 0.02656 11.23 0.14 3.8 165
8623-6104 0.09704 11.28 1.18 3.7 276
8082-12704  0.13214 11.42 0.77 5.34 36

are shown as filled circles in Fig. [I] Full target details and ALMA
data details are given in Lin et al. (2020), but for convenience we
summarize the main properties in Table [I] including the number
of spaxels used in each galaxy in this work. Combined, these 28
galaxies contain 15,035 spaxels with measured values of Xy, , X,
and Xgpr. Galaxies from the ALMaQUEST survey that are/are not
used in the current work are shown as circles/crosses in Fig[I]

3 ENSEMBLE RESOLVED STAR FORMATION
SCALING RELATIONS

Although the main goal of this paper is to study the resolved star
formation relations for individual galaxies, it is useful to first estab-
lish a reference for the ensemble of all spaxels used in this work.
However, it is important to preface the presentation of our spaxel
ensembles with several caveats that affect the star formation scaling
relations in our sample.

First, since resolved relations depend on global galaxy pa-
rameters (e.g. Gonzalez Delgado et al. 2016; Bolatto et al. 2017;
Cano Diaz et al. 2019), the resolved relations presented for the AL-
MaQUEST sample will therefore likely differ from those derived
for large representative samples. Second, we have specifically cho-
sen our spaxel sample to include only data for which Z,, Zsgr and
2y, could all be reliably measured, and for which the ionization
source was deemed to be star formation. Spaxels that are ionized
either by AGN (e.g. Sanchez et al. 2018) or by old stellar popu-
lations (e.g. Hsieh et al. 2017; Cano-Diaz et al. 2019; Ellison et

© 0000 RAS, MNRAS 000, 000-000
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Figure 2. Ensemble star formation relations for 15,035 spaxels in our sample of ALMaQUEST 28 galaxies. Left panel: The resolved star-forming main
sequence. Middle panel: the resolved Schmidt-Kennicutt relation. Right panel: The resolved molecular gas main sequence. The ordinary least squares and the
orthogonal distance regression fits are shown by dashed and dotted lines respectively. The coefficients (and their errors) of the OLS and ODR fits are reported
in the top and bottom each panel, along with the scatter around each best fit (o7 i), as well as the Pearson correlation coefficient (p).

al. 2021), are known to be offset from the locus of star forming
regions.

Finally, a slew of technical details, such as the fitting method
and its functional form (e.g. Hsieh et al. 2017; Erroz-Ferrer et
al. 2019), weighting/binning schemes, variable IFU coverage, S/N
cuts, detection thresholds in the data and choice of variable range
for fitting (e.g. Cano Diaz et al. 2019) can all affect the derived co-
efficients to the resolved scaling relations. These effects have been
extensively explored in detail in the works cited above. In contrast,
the main goal of the current paper is to investigate the galaxy-to-
galaxy variation of the resolved scaling relations, rather than to
present a detailed re-assessment of the data ensemble. We therefore
do not explore these numerous selection effects in our own data set
and present the fits to our ensemble data sample for reference only.

3.1 The ensemble resolved star formation main sequence

In Fig. 2] we present the rSFMS (left panel), rSK relation (mid-
dle panel) and rMGMS (right panel) for the 15,035 spaxels in our
sample. We will use the same colour-coding (rSFMS: blue, rSK re-
lation: red and rtMGMS: purple) in figures throughout this paper
for consistency. The ensemble relations are fit using two different
methods: an ordinary least squares (OLS) approach and an orthog-
onal distance regression (ODR) fit. The former of these methods
assumes that the x-variable is known to infinite precision, i.e. it has
no error. The fit is therefore optimized to minimize scatter in the y-
variable. In contrast, the ODR assumes that there can be uncertain-
ties in both the x- and y-variables and hence minimizes the scatter
in both variables. Despite the x-y plotting conventions for the three
star formation relations, both quantities have uncertainties and the
relations could equally well be plotted with flipped axes (see Shetty
et al. 2013 for further discussion on fitting methods in the context
of the rSK relation). An ODR fit is therefore sometimes preferred
(e.g. Lin et al. 2019; Morselli et al. 2020), and can yield quite dif-
ferent results to an OLS approach (e.g. Hsieh et al. 2017).

In Fig. 2] we present the results (coefficients and scatter) of
the OLS (dashed line) and ODR (dotted line) fits for all three star
formation scaling relations. Visually, the ODR fits are a better rep-
resentation of the data (as previously found for the rfSFMS by Hsieh
et al. 2017). The ODR fits have a steeper slope than the OLS fits
for all three relations, as well as a smaller scatter. Cano-Diaz et al.
(2019) have recently suggested that an artificial flattening of the
rSFMS in MaNGA data can be introduced by including spaxels
with log X, < 7.5 (and in general, a curvature at the low end of
any relation can be introduced by datasets of different depths). We
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recall that our sample already requires log X, > 7.0, such that only
~ 500 spaxels (out of ~15,000) are excluded by imposing this more
stringent mass cut. Repeating our fits with this stricter cut of log X,
> 7.5 has a minimal effect on the OLS slope, changing it from 0.68
to 0.70. However, the ODR fit is more impacted, and exclusion of
log 2, < 7.5 spaxels steepens the slope of the fit from 1.37 to 1.50.

There are numerous versions of the rSFMS already present in
the literature (e.g. Sanchez et al. 2013; Cano-Diaz et al. 2016, 2019;
Gonzalez-Delgado et al. 2016; Hsieh et al. 2017; Erroz-Ferrer et al.
2019; Lin et al. 2019) with slopes that vary from ~0.6 to ~1.3.
Variation between the fits presented in these works likely has con-
tributions from different sample properties, selection effects and fit-
ting methods, which can affect the derivation of fit coefficients (as
demonstrated by our comparison of the OLS and ODR methods
in Fig. |Z|) Moreover, Hani et al. (2020) have used simulations to
demonstrate that the slope of the rSFMS further depends on both
the SFR indicator used and on the spatial resolution of the sam-
pling. Likewise, the scatter around the fit is particularly sensitive
to sample selection (as we will show later in this paper, the -fSFMS
depends on parameters such as total stellar mass and morphology)
and the details of the selection of star-forming spaxels.

With these caveats in mind, we refrain from a detailed com-
parison of the ensemble rSFMS of our sample with previous works,
and simply note that our derived slope (~0.7, 1.4 for the OLS and
ODR respectively) and scatter (~0.4, 0.3 dex for the OLS and ODR
respectively) are within the range found by previous works. The
slope derived from the ODR method is in reasonable agreement
with the value (~1.2) derived by Lin et al. (2019) for the subset of
~ 5400 star-forming spaxels in 14 ALMaQUEST main sequence
galaxies. The ODR fit of the rSFMS corresponds to a specific SFR
(sSFR = Xgpr/Zy) of —10.0 at log X, = 8.5.

3.2 The ensemble resolved Schmidt-Kennicutt relation

The slope of the rSK relation has been the focus of intense disus-
sion for many years, due to its implication for a universal (or not)
star formation recipe. A rSK relation slope of one, both within a
given galaxy and between different galaxies, would indicate that
the conversion between gas and stars can be characterized by a sin-
gle efficiency (or depletion time, where 7q4ep = Xy, /Zsrr = 1/SFE).
Conversely, a slope steeper than unity implies that higher surface
densities of gas lead to even higher surface densities of star for-
mation, indicating that star formation is enhanced by non-linear
processes that operate in regions of high gas density. It is also of-
ten pointed out that a simple dynamical model in which stars form
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with a characteristic timescale that is the freefall time, and under
the assumption of a uniform scale height, leads to the prediction
of a slope of 1.5 (although other theoretical assumptions can yield
different slopes, e.g. Tan 2000).

Observationally, some of the earliest measurements of the
slope of the global SK relation from total gas (HI and CO) ob-
servations yielded a slope of 1.3 — 1.4, tantalizingly close to the
simple theoretical expectation of an N=1.5 slope (e.g. Kennicutt
1989, 1998a,b). A super-linear slope has also been reported in some
works on the resolved SK relation (e.g. Momose et al. 2013). A
modern re-assessment of total gas surface densities has confirmed
this relatively steep slope (de los Reyes & Kennicutt 2019). How-
ever, de los Reyes & Kennicutt (2019) also find that using molecu-
lar gas alone yields a significantly flatter SK relation, with a slope
closer to unity, although the inclusion of starbursting galaxies can
drive a much steeper relation (e.g. Daddi et al. 2010). Likewise,
studies of the rSK relation for ensembles of nearby galaxies have
generally determined a rSK relation between Xy, and Zgrr with
slope ~1, indicating a universal molecular gas star formation effi-
ciency with a characteristic depletion time of 1-2 Gyr in ensemble
datasets (e.g. Bigiel et al. 2008, 2011; Schruba et al. 2011; Leroy et
al. 2013). However, as with the rSFMS, it has been shown that the
slope of the rSK relation is also sensitive to the resolution of the
data (Calzetti, Liu & Koda 2012).

In the middle panel of Fig. 2] we present the rSK relation for
the 15,035 star forming spaxels in our sample of 28 ALMaQUEST
galaxies. Once again we note that the ODR fit yields a steeper rela-
tion (slope~1.2) compared with the OLS fit (slope~0.9). The ODR
fit leads to a depletion time of 0.7 Gyr for log Zy,=7.0. Although
the rSK relation determined herein is in reasonable agreement with
previous works (e.g. Bigiel et al. 2008, 2011; Schruba et al. 2011;
Leroy et al. 2009, 2013; Usero et al. 2015; Lin et al. 2019; Morselli
et al. 2020), we once again caution that the details of the fitting
procedure can significantly influence the derived coefficients (e.g.
Leroy et al. 2013; de los Reyes & Kennicutt 2019).

3.3 The ensemble resolved molecular gas main sequence

Few studies have explored the rMGMS. Although first demon-
strated by Shi et al. (2011) and Wong et al. (2013), the first
parametrization of a large ensemble of data was presented by Lin
et al. (2019) for ~ 5400 spaxels in 14 main sequence galaxies in
the ALMaQUEST sample, and soon after by Morselli et al. (2020)
for 5 nearby disk galaxies. These works derived similar slopes for
the rMGMS of 1.1 and 0.9 respectively (both using an ODR fit),
with a scatter of about 0.2 dex in each case. The scatter around the
rMGMS found by Lin et al. (2019) and Morselli et al. (2020) is
marginally higher than the scatter around the rSK relation in the
same samples (by a few hundredths of a dex).

In the right panel of Fig. 2] we present the rMGMS for the
~15,000 spaxels in our ALMaQUEST sample, which contains the
largest number of galaxies used to date to explore this relation.
Once again, we find the ODR yields a better visual fit to the data
and a slightly steeper slope, whose value (1.0) is in good agree-
ment with Lin et al. (2019) and Morselli et al. (2020). The ODR
fit to the rIMGMS corresponds to a molecular gas-to-stellar mass
fraction (hereafter, simply ‘molecular gas fraction’, fu, = Zu,/Z)
of 0.06 at log Z, = 8.5.

The scatter of the ’MGMS around either the ODR or the OLS
fit is smaller than the scatter for the corresponding method’s fits to
the other two relations. However, for the ODR fit, the difference
in the scatter between the rMGMS and rSK relations is minimal:

0.21 dex vs. 0.22 dex. These values are similar to those reported
by Lin et al. (2019) and Morselli et al. (2020): 0.20 and 0.22 dex,
respectively, where the Lin et al. (2019) sample uses the main se-
quence subset of ALMaQUEST galaxies. We therefore agree with
the previous conclusion of Lin et al. (2019) that the rSK relation
and rMGMS have very similar (small) scatters, compared to larger
deviations seen around the rSFMS. A proposed interpretation of
these comparative scatters is that the rSFMS is a manifestation of
the more fundamental rSK relation and rMGMS (Lin et al. 2019;
Morselli et al. 2020). Also in support of this interpretation are the
Pearson correlation coefficients which are found to be stronger for
the rMGMS (0.72) and rSK (0.74) relation than for the rSFMS
(0.57). We return in Section[6]with further complementary evidence
that the rSK and rMGMS represent independent physical mecha-
nisms, whereas the rSFMS is the result of covariance.

4 GALAXY-BY-GALAXY RESOLVED SCALING
RELATIONS

Having established the overall properties of the ensemble of our
sample, we now turn to an inspection of the three star formation
relations on a galaxy-by-galaxy basis. Comparison of these scaling
relations between galaxies will enable an assessment of whether a
universal set of ‘recipes’ exists for the distribution of stellar mass,
molecular gas and the formation of new stars.

4.1 The resolved star forming main sequence

Fig. [3] shows the rSFMS for each of the 28 galaxies in our sam-
ple, with the MaNGA plate-IFU identifier given in the top left of
each panel. The panels are ordered by increasing total stellar mass,
whose value is indicated in the top right of each panel. In each
panel the greyscale background shows the distribution of X, and
2grr for the full sample of 15,035 spaxels for reference (i.e. identi-
cal to the left panel of Fig.2). The blue points in each panel show
the spaxels for each individual galaxy, with the shade indicating the
(de-projected) distance from the galaxy centre in kpc (the figure
looks qualitatively similar if points are instead colour coded by ef-
fective radius). As expected, higher values of X, are seen at smaller
galactocentric radii. Although the individual spaxels are presented
in Fig.[3] it is important to emphasize that, since the spaxel scale
of our data products (0.5 arcsec) somewhat over-samples the res-
olution of the data (FWHM ~ 2-2.5 arcsec), and that these data
points are therefore not independent. In the quantitative analyses
presented later in this paper, the data are smoothed, rather than con-
sidering individual spaxels. Experiments with coarser binning the
data lead to consistent results.

It is immediately obvious that, although a rSFMS exists for al-
most all of the galaxies in our sample, there is significant galaxy-to-
galaxy variation, even at approximately fixed total stellar mass. For
example, the galaxies in the 3rd row from the top in Fig. [3]span a
total stellar mass of only 0.06 dex (10.42 < log (M,/M,) < 10.48),
and yet the rSFMS of the four galaxies plotted in this row vary
from being normal (1st column), enhanced (2nd and 3rd columns),
or suppressed (4th column) relative to the reference distribution
shown in grey. In general, the galaxy-to-galaxy variation affects
the entire population of star forming spaxels in a given galaxy (al-
though the radii of these spaxels can vary), changing the overall
normalization of the relation for all the spaxels.

In addition to the variation in the normalization of the galaxy-
to-galaxy rSFMS, the shapes also exhibit significant diversity. Sev-
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Figure 3. The resolved star forming main sequence for each of the 28 galaxies in our sample. The MaNGA plate-IFU identifier is given in the top left of
each panel. The panels are ordered by increasing total stellar mass (from the PIPE3D VAC), which is given in the top right of each panel. The background
greyscale shows the number density in the combined sample of ~ 15,000 spaxels and is used for visual reference in each panel. The blue points show the
individual galaxy relations and shading indicates the galactocentric radius in units of kpc. There is a large galaxy-to-galaxy diversity in the rSFMS (both shape

and normalization), even at approximately fixed stellar mass.

eral of the galaxies in our sample show a saturation, or flattening,
of Zgpr at high X, . However, other galaxies exhibit a much more
linear relation, with Xggr values that exceed the ‘saturation’ point
seen in other galaxies. For example, 8616-9102, 7977-3703 and
8623-6104 all have star formation rate surface densities that satu-
rate at log Tspr~ —1 Mg yr~! kpc™2. In contrast 8615-3703, 8082-
6103 and 8081-3704 all have star formation rate surface densities
that continue to rise linearly with X, beyond this ceiling. Whether
or not a galaxy shows a turnover in its Xgpg at high Z, seems to be
independent of its mass or Sersic index (Table[T).

Visual inspection of the SDSS images of the galaxies in our
sample (see Lin et al. 2020 for the full data presentation) reveals
that most fall into the expected colour-morphology paradigm, with
disks that are blue and actively star forming and bulges that have
a redder colour. Such galaxies understandably exhibit the flattened
rSFMS relations exhibited by, for example 8616-9102, 7977-3703
and 8623-6104, where the central high X, regions have reduced
sSFR. The role of a low sSFR bulge has previously been suggested

© 0000 RAS, MNRAS 000, 000-000

to contribute to a flattening of the global SFMS at high stellar mass
(Abramson et al. 2014; Pan et al. 2018; Leslie et al. 2020). How-
ever, some galaxies in our sample have distinctly blue central re-
gions, including 8615-3703, 8082-6103 and 8081-3704 (the former
of these is clearly a late stage merger). In these galaxies, star for-
mation is apparently continuing rigourously even in the central re-
gions, leading to high Zgpr even at high .. We return briefly to the
diversity of radial properties in Section .3} although defer a full
examination of radial properties to a forthcoming paper. In sum-
mary, Fig.[3]shows that although there is clearly a coherent rSFMS
amongst star-forming spaxels within each galaxy, neither the shape,
nor the normalization is universal.

In addition to the galaxy-to-galaxy variation of the rSFMS,
there is evidently considerable vertical scatter around the relation
within a given galaxy. In Lin et al. (2020) we present the distri-
butions of sSFR for each of the galaxies in our sample. Lin et al.
(2020) show that there is frequently at least an order of magnitude
spread in sSFR within a given galaxy. Although part of this diver-

R (kpc)
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Figure 4. The resolved Schmidt-Kennicutt relation for each of the 28 galaxies in our sample. The MaNGA plate-IFU identifier is given in the top left of each
panel. The panels are ordered by increasing total stellar mass (from the PIPE3D VAC), which is given in the top right of each panel. The background greyscale
shows the number density in the combined sample of ~ 15,000 spaxels and is used for visual reference in each panel. The red points show the individual galaxy
relations and shading indicates the galactocentric radius in units of kpc. There is a large galaxy-to-galaxy diversity in the rSK relation, even at approximately

fixed stellar mass.

sity in sSFR within a given galaxy is due to radial differences, as
evidenced by the flattening of the rSFMS at high X, that is seen in
many of the galaxies in Fig.[3] we can also discern that there can be
a broad range of sSFR even at a fixed X, (or radius).

4.2 The resolved Schmidt-Kennicutt relation

Fig.[@is analogous to Fig.[3] but shows the rSK relation for each of
the 28 galaxies in our sample. The greyscale background is again
the combined distribution of all ~ 15,000 spaxels across all 28
galaxies, shown in all panels for reference. The ordering of galaxies
is the same as in Fig.[3] As for the rSFMS, there is again significant
galaxy-to-galaxy variation, although visually the variation is less
dramatic than for the rSFMS (we will return to quantify this point
in the next Section). Fig.F_flconﬁrms numerous previous works that
have shown that the rSK is not universal (or at least requires more
parameters to capture its diversity, e.g. Dey et al. 2019).

Fig. [ reveals that there is some variation in the depths to

which the molecular gas is detected, with effective molecular gas
surface density thresholds that range from log Xy, ~ 6.3 to 6.8
M,/kpc? on a galaxy by galaxy basis. Despite this variation it is
clear from Fig.[d]that there are systematic variations in the ‘recipe’
that galaxies follow in converting their molecular gas into stars, at
least as traced by CO(1-0), and that these differences operate over
all radii.

In the previous subsection, we showed that Xggg saturates at
high ¥, for many galaxies in our sample. However, the rSK re-
lation shows no such Zgrg saturation at high Xy,. Even galaxies
that exhibit a flattening of their rSFMS, such as 8616-9102, 7977-
3703 and 8623-6104, have smoothly rising rSK relations. There-
fore, unlike the rSFMS and (as we will show in the next subsec-
tion) the IMGMS, the shape of the rSK relation for the galaxies in
our sample is relatively invariant, although its slope and normaliza-
tion change from galaxy-to-galaxy (as we will quantify in the next
Section).

Fig.[]shows that there is significant vertical scatter around the
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Figure 5. The resolved molecular gas main sequence for each of the 28 galaxies in our sample. The MaNGA plate-IFU identifier is given in the top left of
each panel. The panels are ordered by increasing total stellar mass (from the PIPE3D VAC), which is given in the top right of each panel. The background
greyscale shows the number density in the combined sample of ~ 15,000 spaxels and is used for visual reference in each panel. The purple points show the
individual galaxy relations and shading indicates the galactocentric radius in units of kpc. There is a large galaxy-to-galaxy diversity in the rMGMS relation,

even at approximately fixed stellar mass.

rSK relation, indicating a variable SFE even within a given galaxy.
The full distribution of SFEs within a given galaxy is presented in
Lin et al. (2020), where it is shown that SFEs can vary by an order
of magnitude. Two galaxies in our sample show a particularly large
scatter in their rSK relations in Fig. [d} 8615-3703 and 8084-3702
(top row, 2nd and 3rd columns). Both of these galaxies show signs
of recent merger activity with strong central dust lanes (see galaxy
images in Lin et al. 2020). 8615-3703 was also identified by Ellison
et al. (2020a) as hosting a central starburst.

4.3 The resolved molecular gas main sequence

To complete the trifecta of resolved scaling relations studied in this
paper, in Fig. 5] we present the IMGMS for the 28 galaxies in our
sample. As in previous figures, the galaxies are ordered by total
stellar mass and we display all ~15,000 spaxels in the sample as
a grey scale in all of the panels as a reference (i.e. the same dis-
tribution as shown in the right panel of Fig. 2). Individual galaxy
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relations are shown by purple points, with shading to indicate their
galactocentric distance in units of kpc. Variation between galaxies
is again evident, although visually there appears to be less scatter
than in the rSFMS or rSK relations presented in the preceding sub-
sections. We will return quantitatively to this point in the next Sec-
tion. Again we note that in addition to the galaxy-to-galaxy vari-
ation in the IMGMS, there is significant vertical scatter in Xy, at
fixed Z,, indicating that a broad range of molecular gas fractions
are present. The full distribution of fy;, for each galaxy is presented
in Lin et al. (2020).

As noted for the rSFMS, the shape of the IMGMS deviates
from a single gradient for many of the galaxies and exhibits a flat-
tening at high X,. A similar saturation of Xy, at high X, was also
seen in the rIMGMS for individual galaxies by Wong et al. (2013).
As discussed in the previous sub-section, no such flattening is seen
in the rSK relations, with Xggg continuing to increase at the highest
Xy, values. Taken together, these results might initially be taken to
suggest that the reduced sSFRs seen at high X, (i.e. small galac-
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Figure 6. Radial profiles of sSSFR, fi, and SFE for the spaxels of two galax-
ies in our sample: 8155-6102 (pale curves) and 8077-6104 (dark curves),
chosen to demonstrate contrasting behaviours in fy, and SFE. Both galax-
ies exhibit a suppressed sSFR in their central regions (left panel). However,
the reason for this suppression appears to be different for the two galaxies:
a low central gas fraction for 8155-6102, but a low central SFE for 8077-
6104.

tocentric radius) are therefore primarily due to a reduction in gas
fraction. However, closer inspection indicates that central sSFRs
may be lowered either by low gas fractions or by lower SFEs. In
Fig. @ we show the sSFR, fy, and SFE profiles of two galaxies in
our sample, 8155-6102 and 8077-6104, to illustrate this point. Pro-
files are plotted as a function of (de-projected) effective radius for a
clearer comparison. Both galaxies show a suppresion in their cen-
tral sSFRs (left panels). However, the reason for this suppression
appears to differ for the two galaxies. In 8155-6102 (pale curves of
Fig.[6) the profile of SFE is fairly flat, but the gas fraction drops in
the centre. Conversely, in 8077-6104 (dark curves of Fig.[f) the gas
fraction is fairly constant within the effective radius, but the SFE
is suppressed in the centre. A more extensive study of the radial
profiles of star forming and green valley galaxies is presented in
Pan et al. (in prep). For now, we simply highlight that the diversity
in galaxy-to-galaxy star formation scaling relations, and their ra-
dial properties, are likely driven by a variety of processes (see also
Leroy et al. 2013; Utomo et al. 2017; Colombo et al. 2018).

5 QUANTIFYING GALAXY-TO-GALAXY VARIATIONS
FOR THE RESOLVED STAR FORMATION
RELATIONS

Although all three resolved star formation scaling relations studied
in this paper (the rSFMS, rSK relation and rMGMS) show signifi-
cant galaxy-to-galaxy diversity, the visual impression from Figs[3]
M]and[3]is that the relations show different amounts of variation (as
also hinted by the different scatters in the ensemble relations in Fig.
[2). In this Section, we will quantify the galaxy-to-galaxy variation
in the three star formation scaling relations, and compare it with the
scatter of the full ensemble of ~15,000 spaxels used in this work.
In the following Section, we will use the metrics developed here to
investigate what galactic-scale parameters (if any) regulate the star
formation relations and drive the galaxy-to-galaxy variations that
are observed.

We begin with a further visual representation of the galaxy-to-
galaxy variation in the star formation scaling relations. Fig. [7]shows
a compression of the information in Figs [3] ] and [3] into a single
panel for each relation. The grey scale background in each panel
is once again the number density for the full sample of ~15,000
spaxels (i.e. the same distributions as in Fig. 2) for reference. The
coloured curves in each panel represent a running median of the
y-axis variable, in bins of 0.3 dex of the x-axis variable, offset by
0.1 dex along the x-axis in each step. The black curve in each panel
represents the running median of the full sample of ~15,000 spax-

els. The width of each curve represents the vertical scatter of each
scaling relation on a galaxy-by-galaxy basis and is calculated as
o/ VN for each x-axis position. All three panels have the same dy-
namic range (4 dex) on the y-axis.

Fig. [7] reinforces the visual impression from Figs [3] ] and [3]
that the greatest galaxy-to-galaxy scatter is seen in the rSFMS, and
least scatter in the rMGMS. By comparing the coloured curves in
each panel to the greyscale background, it can be appreciated that
the scatter in any of the three ensemble relationships is encom-
passed by these galaxy-to-galaxy variations.

There are various methods that could be employed to quantify
the galaxy-to-galaxy variation of the three star formation scaling
relations. Perhaps the simplest would be to sum (or average) spaxel
values within a given galaxy in order to obtain the global (or aver-
age) sSFR, SFE and fy, in each case. This approach would capture
a characteristic value of sSSFR, SFE and fy, for each galaxy that re-
flects a combination of the normalization and slope of the rSEMS,
rSK relation and rMGMS. However, summing spaxels in this way
loses all of the benefit of a resolved study, and an equivalent inves-
tigation could be done with far superior statistics using surveys of
global properties.

An alternative approach is to fit a first order polynomial to
each relation in each galaxy and investigate the dependence of the
normalization and slope on galaxy parameters of interest. The main
objection to this approach is that Figs[3|d]and[5]clearly demonstrate
that the shapes of the star formation relations are very diverse. Al-
though the rSK relations in our data are largely well represented
by a first order polynomial (which we will make use of later), this
is not true for the rSFMS and rtMGMS. A higher order fit could
of course be used (e.g. Hemmati et al. 2020), but it becomes non-
trivial to compare the offset between galaxies with different shapes.

We opt for a hybrid of the above approaches, in which we
quantify the offset between a given galaxy’s scaling relation and the
ensemble average of all spaxels in the sample, but without any para-
metric assumption on the shape of the relation within each galaxy.
Our approach is to compute the average offset between each of the
coloured curves in a given panel of Fig.[7]and the black curve in the
same panel. Specifically, the offset is computed as the median dif-
ference between the black curve and a given coloured curve over all
x-axis bins. We can therefore compute, for each galaxy, a value of
ArSFMS, ArSK and ArMGMS, which is the median ‘offset’ from a
given scaling relation derived from all spaxels. The uncertainty in
ArSEMS, ArSK and ArMGMS is given by the standard deviation
of the differences between the black and coloured curves in each
bin along the x-axis. One drawback of this offset method is that it
is sensitive to both changes in normalization and slope of a given
relation, without discriminating between these effects explicitly.

Fig.[8]shows the distribution of ArSFMS, ArSK and ArMGMS
amongst the 28 galaxies in our sample, with the RMS scatters re-
ported in the legend. Fig. [§] confirms our earlier visual impression
from Figs [3] [ and 5] that the rSFMS shows the greatest galaxy-
to-galaxy variation and that the IMGMS shows the least. We note
that our definition of ArSFMS, ArSK and ArMGMS will not cap-
ture the full quantitative scatter of the ensemble relation, due to the
variation in shapes and slopes from galaxy-to-galaxy. For example,
it is possible for a galaxy to have an offset of zero in one of the
A quantities simply by virtue of a different slope. It is therefore to
be expected that the RMS values reported in Fig. [8]differ from the
scatters reported in Fig. [2| Nonetheless, the distributions in Fig.
which show the smallest scatter for the rMGMS and the largest for
the rSFMS, are qualitatively consistent with the ranking of scat-
ters seen in the ensemble relations in Fig. |2} We conclude that the
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Figure 7. The galaxy-to-galaxy diversity of star formation scaling relations. Left panel: Coloured curves show the median values of Zgpr in bins of X, for each
of the 28 galaxies in our sample, and hence represent the rSFMS of each galaxy. X, bins have width of 0.3 dex and are offset by 0.1 dex to create a smoothed
running median. The width of each curve represents the vertical scatter of each scaling relation on a galaxy-by-galaxy basis and is calculated as o-/ VN for
each x-axis position. The greyscale background shows the number density for all ~15,000 spaxels in the sample. The black curve shows the running median
for all ~15,000 spaxels. Middle panel: As for the left panel, but for medians of Zgrr as a function of Zy,. The coloured curves therefore represent the rSK
relation for each galaxy and the black curve is the median of all ~15,000 spaxels. Right panel: As for the left panel, but for medians of Xy, as a function of
Y. The coloured curves therefore represent the rMGMS for each galaxy and the black curve is the median of all ~15,000 spaxels.
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Figure 8. Histogram distribution of galaxy-by-galaxy offsets from the me-
dian scaling relations. Offsets from the median rSFMS, rSK relation and
rMGMS are shown in blue, red and purple respectively. The galaxy-to-
galaxy variation is greatest in the rSFMS and least in the rMGMS.

rSFMS shows the greatest galaxy-to-galaxy variation (see also Lin
et al. 2019) and the rIMGMS is the most homogeneous of the three
relations.

6 CORRELATIONS BETWEEN THE STAR FORMATION
SCALING RELATIONS

Having defined a relative offset for each galaxy from the median of
each of the three scaling relations, we can now investigate whether
the offsets between different relations are correlated. Such tests
investigate whether the normalization of a given scaling relation
tracks that of one of the other relations.

In the lower panel of Fig. [0] we compare the offset of each
galaxy from the rMGMS to its offset on the rSK relation. No cor-
relation is found between ArtMGMS and ArSK, indicating that the
response of the molecular gas distribution to the stellar potential,
and the local recipe for the conversion of that gas into stars, are
independent. Indeed, Lin et al. (2019) found that including X, as a
variable in the parametrization of the rSK did not reduce its scatter.
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Conversely, the middle panel of Fig.[9]shows that the offset of
a given galaxy from the rSFMS is extremely well correlated with
its offset from the rSK relation. In addition to a very high Pear-
son correlation coefficient and miniscule p-value, the data points
follow closely the one-to-one line. Therefore, in contrast to offsets
between the rSK relation and rMGMS (lower panel) Xsgg seems to
strongly link the change in rSFMS and the change in rSK relation
on a galaxy-by-galaxy basis.

In the top panel of Fig. 0] we show the last of the three com-
binations, the galaxy-by-galaxy offsets from the rSFMS and the
rMGMS. ArSFMS and ArMGMS have a significant correlation
(~3.50), although this is not as strong as the correlation between
ArSFMS and ArSK, whose significance is ~7.50. Galaxy-to-galaxy
variation in the rSFMS therefore seems to be most closely linked to
internal recipe for star formation, as set by the rSK relation. This re-
sult is consistent with the work of Ellison et al. (2020a,b) in which
we investigated offsets on a spaxel-by-spaxel basis and concluded
that changes in XZgpgr around the rSFMS were more strong corre-
lated with a spaxel’s offset from the rSK than from the rMGMS,
indicating that SFE, rather than gas fraction, is the more significant
driver of scatter around the rSFMS.

There may be concern that correlations between variables,
such as in Fig. 0] may be artificially driven by ‘shared’ parame-
ters that appear on both axes. However, as nicely illustrated by Dou
et al. (2020), normalizing both axis variables by the same param-
eter (in their case, stellar mass) it is not trivial. Moreover, because
the variables plotted in Fig. D] are offset (A) values the parent vari-
ables do not even appear explicitly in either axis. Indeed, there is
no correlation at all between ArMGMS and ArSK (lower panel of
Fig. E]) despite the fact that Xy, appears in both the rSK relation
and the rMGMS. The utility of the A metrics can be appreciated
by considering a simple (albeit not realistic) scenario in which en-
hancements in Xgpr are driven only by changes in the available gas
reservoir - i.e. higher Xy, at fixed Z,, but a normal rSK relation. In
such a scenario, we would measure a positive ArSFMS and posi-
tive ArtMGMS, but ArSK=0, i.e. no correlation between ArSFMS
and ArSK, despite both scaling relations involving Zgpg. It is there-
fore possible to disentangle whether changes in Zgpr at fixed X,
(i.e. non-zero ArSFMS) are driven by changes in Zggr at fixed Xy,
(i.e. non-zero ArSK, but normal rMGMS) or changes in Xy, at fixed
%, (i.e. non-zero ArMGMS, but normal rSK). In practice, we find
that both gas fractions and SFE play a role, since ArSFMS corre-
lates with both ArSK and ArMGMS, but with a stronger effect by
the former. Although measurement errors could potentially cause
correlations between offset variables, a Monte Carlo test of simu-
lated data with the actual error distributions of our sample shows A
values and correlation strengths that are much smaller than we ob-
serve (see the Appendix of Eales, Eales and de Vis 2020 for similar
tests). We conclude that the correlations shown in Fig.[9]are not due
to shared variables or measurement errors.

Based on the larger scatter seen in the rSFMS (for their en-
semble of galaxies) compared with the rMGMS or rSK relation,
Lin et al. (2019) and Morselli et al. (2020) have recently argued
that the rSFMS is a manifestation of combining the other two more
‘fundamental’ relations. Other recent works have demonstrated the
tight inter-connectedness of stellar mass, molecular mass and SFR
on the integrated level (Dou et al. 2020; Hunt et al. 2020). Lin et
al. (2019) proposed that the stellar potential sets the gas distribu-
tion, leading to the rIMGMS, and the molecular gas distribution sets
the rate of star formation, leading to the rSK relation. Conversely,
it is suggested that there is no fundamental physics linking Z, to
2srr, and that the rSFMS is the result of plotting two variables that

are correlated for other reasons. Fig. [9] offers complementary evi-
dence for the conclusion that the ’MGMS and rSK relations capture
underlying physical processes whereas the rSFMS is the result of
correlated variables. Whereas the rMGMS and rSK relations for
a given galaxy appear to be independent, the rSFMS of a given
galaxy correlates significantly with both the rMGMS and the rSK
relation.

Since many works (e.g. Leroy et al. 2013; Cano-Diaz et al.
2016, 2019; Barrera-Ballesteros et al. 2016; Hsieh et al. 2017; Vul-
cani et al. 2019; Sanchez 2020), including ours, have now shown
that global galaxy scaling relations are rooted in local scale origins,
we are led to the conclusion that the global SFMS (as well as the
rSEMYS) is also a result of the co-variance at the local scale. L.e.
the global SFMS originates in the rSK and the rMGMS. Indeed,
Cicone et al. (2017) have shown that the correlation between total
molecular gas mass and total stellar mass is as tightly correlated as
the relation between SFR and molecular gas mass (see also Hunt et
al. 2020). The results of Cicone et al. (2017) therefore mirror our
findings at the kpc-scale, that the global MGMS is as tight as the
global SK relation, indicating an underlying physical connection
between these variables. Since the rSFMS is observed to exist even
at relatively high redshift (e.g. Whitaker et al. 2012; Speagle et al.
2014; Popesso et al. 2019), the corollary of these conclusions is that
the rIMGMS and rSK relation were also in place at early times.

7 WHAT DRIVES THE GALAXY-TO-GALAXY SCALING
RELATION DIFFERENCES?

Having established that galaxies set their own internal star forma-
tion relations, we can now investigate whether there are identifiable
global parameters that drive these differences. Such drivers may
differ for different scaling relations, and we must also be mindful
that global parameters show inter-dependences which need to be
disentangled (e.g. Teimoorinia et al. 2016; Bluck et al. 2020a).

7.1 What drives the galaxy-to-galaxy variation of the
resolved SFMS?

In Fig.[I0] we plot the offset of each galaxy’s rSFMS from the me-
dian relation (i.e. black curve in the top panel of Fig. [/) versus a
variety of galactic properties: total stellar mass, Sersic index (taken
from the NSA catalog and the best morphology metric available
for all of the galaxies in our sample) and global sSFR. The Pearson
correlation coefficient (p) and p-value are reported in the corner of
each panel.

The strongest correlation in Fig. is between a given
galaxy’s offset from the median rSFMS and its total sSFR. How-
ever, this is a trivial result, since the sSFR of a galaxy is essentially
the same measure as rSFMS offset, since it measures the summed
Xsrr relative to the summed Z,. The only reason that the correla-
tion between ArSFMS and sSFR is not perfect is because the sSSFR
is taken from the PIPE3D VAC, rather than computed directly from
the Xgpr measurements computed by us. Moreover, the PIPE3D
VAC computes its sSSFR by summing the He fluxes from all spax-
els, whereas we have used a set of very specific cuts to define star
forming spaxels, as appropriate for the purposes of this paper. De-
spite the trivial nature of the ArSFMS — sSFR relation, we have
included it here for consistency with the tests made in the next two
subsections for the rSK relation and the rMGMS.

The strongest (non-trivial) relation in Fig. [I0] is the anti-
correlation between ArSFMS and the Sersic index (Ny) of a given
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Figure 10. Galaxy-by-galaxy offset from the median rSFMS relation as a
function of stellar mass (upper panel), Sersic index (middle panel) and sSFR
(lower panel). The Pearson correlation coefficient (o) and p-value are given
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Figure 11. Galaxy-by-galaxy offset from the median rSFMS relation as a
function of stellar mass (upper panel) and Sersic index (lower panel) for ~
2000 galaxies selected from MaNGA DR15. The Pearson correlation coef-
ficient (p) and p-value are given in the top right of each panel. With this
larger sample, the correlation between rSFMS and Sersic becomes highly
significant.
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galaxy, in the sense that more galaxies with a classic elliptical pro-
file (N,=4) tend to have a rSFMS below the average. Disk-like mor-
phologies (N; ~ 1) lie close to, or above the average rSFMS of the
sample. The anti-correlation in our data is present at ~ 30 sig-
nificance. Our result reflects trends previously seen in the global
SEMS, where earlier type morphologies are offset to low SFRs for
their mass (e.g. Wuyts et al. 2011; Catalan-Torrecilla et al. 2017;
Sanchez 2020). Our results also confirm previous studies of the
rSFMS that have found a morphology dependence (e.g. Gonzalez-
Delgado et al. 2016; Maragkoudakis et al. 2017; Medling et al.
2018; Pan et al. 2018). In the most recent and extensive investi-
gation of this dependence, Cano-Diaz et al. (2019) have shown a
steady decrease in the characteristic Zgpgr at fixed X, for earlier
morphologies, also in agreement with our results.

There is a weaker, but still significant (p = 0.02) anti-
correlation between ArSFMS and total stellar mass. A similar
(mild) dependence of the rSFMS on stellar mass was also reported
by Bolatto et al. (2017) for the EDGE-CALIFA sample. A qualita-
tively similar trend between stellar mass and rSFMS offset has also
been found in simulations (Trayford & Schaye 2019), albeit with a
larger magnitude and stronger significance than found in our AL-
MaQUEST data. However, we propose that any mass dependence
of the rSFMS (at least in the observational data) is likely driven
by the fact that morphology is a function of total stellar mass, with
more massive galaxies tending to be more bulge dominated (e.g.
Kelvin et al. 2014; Thanjavur et al. 2016; Bottrell et al. 2017; Bluck
et al. 2019). Indeed, there is a strong correlation (p=0.8) between
total stellar mass and Sersic index in our sample.

Given the relatively small size of our sample, we test whether
the correlations are strongly driven by one of the data points. To
achieve this, we follow a jack-knife approach in which each galaxy
is removed in turn from the sample and the p-value is recomputed.
We then count the fraction of these jack-knife iterations for which
a correlation of at least 2o~ significance is detected (p < 0.05).
Unsurprisingly, the strong correlations between ArSFMS and both
sSFR and Sersic index are very robust, and 100 per cent of the
jack-knife iterations yields a significant (by our 20" definition) cor-
relation. The weaker correlation between ArSFMS and stellar mass
is still recovered with at least 20 significance for 93 per cent of the
jack-knife iterations. We conclude that the correlations in Fig. [T0]
are not driven by a single outlier.

Since investigation of the rSFMS does not require matched
ALMA data, we can further test the correlation (and robustness
thereof) between ArSFMS and Sersic index and stellar mass by us-
ing the MaNGA DRI15 sample as a whole. We repeat our basic
galaxy and spaxel selection as described in Section [2] (the galaxy
must have b/a > 0.35, and have at least 20 star-forming spax-
els to define its rSFMS) to identify 1944 galaxies containing a
total of 1.4 million spaxels. The ensemble rSFMS is defined us-
ing this expanded set of 1.4 million star forming spaxels and off-
sets are computed on a galaxy-by-galaxy basis as described above.
The results are shown in Fig. [TT] The weakly significant anti-
correlation between total stellar mass (top panel) is still present
with p = 0.03, but is visually not convincing. However, the anti-
correlation between ArSFMS and Sersic index is now highly sig-
nificant (p ~ 107'%). With this larger sample, it is also evident that
the morphology dependence of rSEMS is driven by galaxies with
N, >3. These high Sersic index galaxies represent only 15 percent
of the ~2000 galaxies selected from DR15, but 35 per cent of our
ALMaQUEST sample, hence the latter is able to reveal the signif-
icant dependence of rSFMS on N, even with its modest sample
size.
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Figure 12. The rSFMS for 1.4 million spaxels from ~ 2000 MaNGA DR15
galaxies. Each binned element is colour coded by the median Sersic index
of its host galaxy. At fixed X, the lowest Zgpr values are in high Sersic
index galaxies.

A final demonstration of the dependence of the rSFMS on N
for 1.4 million star-forming spaxels in MaNGA DR15 is presented
in Fig.[T2] in which we plot the rSFMS, colour coding each binned
element by the median N, of the host galaxy from which each
spaxel is drawn. It is clearly seen that at fixed X, the lowest Xgpr
values are located in galaxies with higher Sersic indices. However,
there is considerable scatter in ArSEMS even at fixed Sersic index,
consistent with the results of Enia et al. (2020), who find variation
in the rSFMS even within their sample of local disk galaxies.

7.2 'What drives the galaxy-to-galaxy variation of the
resolved SK relation?

In Fig. [I3] we plot the dependence of the galaxy-by-galaxy offset
from the rSK relation on stellar mass (upper panel), Sersic index
(middle panel) and sSFR (lower panel). A strong and highly signif-
icant correlation (o ~ 0.7 and p = 7 x 107%) is found between the
offset of a galaxy’s rSK relation and its global sSFR (lower panel
of Fig. [T3). Although SFR contributes to both axes in this relation
(either as Zgrg or total SFR), we include the trend of ArSK with
sSFR here in order to be able to compare to published analyses
of these same quantities, either on resolved or global galaxy data.
Moreover, as we have seen throughout this paper, variables that in-
directly contribute to both axes do not always lead to correlations
(e.g. lower panel of Fig.[9). The implication of the correlation be-
tween sSFR and ArSK is that when a galaxy shows an elevated
SER for its stellar mass, the cause is an elevated SFE. Leroy et al.
(2013) found a similar correlation between the normalization of the
rSK law (as parametrized by the integrated depletion time in their
study) and sSFR for a sample of 30 local galaxies with kpc-scale
data. Ellison et al. (2020b) likewise found that kpc-scale spaxels
in the ALMaQUEST sample showed elevated SFRs primarily as a
result of enhanced SFE.

A similar conclusion has also been reached for global mea-
surements of molecular gas in local galaxies, which find a strong
link between depletion time (i.e. the inverse of SFE as defined here)
and sSFR (Saintonge et al. 2011b; Huang & Kauffmann 2014; Bo-
latto et al. 2017). Indeed, Dou et al. (2020) have claimed that the
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Figure 13. Galaxy-by-galaxy offset from the median rSK relation as a func-
tion of stellar mass (upper panel), Sersic index (middle panel) and sSFR
(lower panel). The Pearson correlation coefficient (o) and p-value are given
in the top left of each panel.

sSFR-SFE relation is the most fundamental, from which other scal-
ing laws derive. The correlation between ArSK and sSFR is indeed
the strongest of the relations reported here. Taken together, these
results show that the global dependence of SFE on sSFR in SDSS
galaxies, like many global galaxy correlations, derives from local-
scale relationships (as shown analytically, and for the general case,
by Sanchez-Almeida & Sanchez-Menguiano 2019). High redshift
galaxies exhibit the same dependence on main sequence offset and
depletion time (e.g. Genzel et al. 2015; Silverman et al. 2018; Tac-
coni et al. 2018), with recent studies showing considerable com-
plexity in their inter-correlations (Liu et al. 2019). Nonetheless,
main sequence galaxies appear to define a broadly consistent global
SK relation from z = O to at least z ~ 4, but with starbursts offset
above it (e.g. Daddi et al. 2010; Bethermin et al. 2015; Schinnerer
et al. 2016). It therefore seems plausible that the high redshift rSK
relation, and its dependence on sSFR (or main sequence offset) will
also be driven by kpc-scale dependences.

Also in agreement with resolved (Leroy et al. 2013; Bolatto et
al. 2017; Utomo et al. 2018; Zabel et al. 2020) and global (Sain-
tonge et al. 2011b, 2012; Bothwell et al. 2014) studies of deple-
tion time (or SFE, or SFE per free-fall time), we additionally find a
weak anti-correlation (~ 20°) between ArSK and total stellar mass.
Indeed, it is interesting to note that the correlation coefficients for
our resolved relations are very similar to those for the global re-
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Figure 14. Galaxy-by-galaxy slope of the rSK relation as a function of stel-
lar mass (upper panel) and Sersic index (middle panel) and sSFR (lower
panel). The Pearson correlation coefficient (o) and p-value are given in the
top left of each panel.

lations (see Fig. 3 of Saintonge et al. 2011b). However, we addi-
tionally find that there is a significant anti-correlation (p = 0.01)
between ArSK and Sersic index (middle panel of Fig. [[3) that is
stronger than the relation with total stellar mass. In a complemen-
tary study, Colombo et al. (2018) also found a dependence of SFE
on morphology, as parametrized by Hubble type (see also Sanchez
2020). As noted in the previous subsection, given that there is a
strong correlation between total stellar mass and Sersic index, we
speculate that the correlation between M, and ArSK may therefore
be rooted in an underlying dependence on morphology. Indeed, a
dependence of the star formation efficiency on varying morphol-
ogy indicators (such as Hubble type, or concentration parameter)
has been found for both resolved (e.g. Leroy et al. 2013) and global
(e.g. Saintonge et al. 2012) studies, and SFEs are lower in ellipticals
than spirals (Davis et al. 2014). In a complementary machine learn-
ing approach, Dey et al. (2019) have also found that star formation
on kpc-scales is suppressed in larger, earlier type galaxies. These
observational results are replicated by simulations, in which larger
bulge fractions lead to more stable disks and hence a reduction in
SFE (Gensior et al. 2020).

Visually, it can be seen from Fig. [ that (in log-log space) the
rSK relation in the galaxies in our sample can be well represented
by a simple first order polynominal. In addition to the parametriza-
tion of ArSK, we can therefore also investigate the variation in the
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Figure 15. Galaxy-by-galaxy offset from the median rMGMS as a function
of stellar mass (upper panel), Sersic index (middle panel) and sSFR (lower
panel). The Pearson correlation coefficient (o) and p-value are given in the
top left of each panel.

rSK relation slopes from galaxy-to-galaxy. A slope of unity indi-
cates that a given galaxy forms stars with the same efficiency at all
values of Xy,. Such an investigation is less straightforward for the
rSFEMS and the rMGMS, whose shapes show significant variation
from galaxy-to-galaxy (e.g. Figs.[3and5).

We determine the slope of the galaxy-by-galaxy rSK relation
using a least squares fit to the individual spaxel data, with errors de-
termined directly from the covariance matrix of the fit (see Leroy
et al. 2013 for a discussion of how weighting and fit methods can
affect fit valuesﬂ The slopes of the rSK relation for each galaxy in
our sample are mostly in the range 0.4 to 1.2, with a median value of
0.86 that is (unsurprisingly) consistent with the slope of the ensem-
ble of all the spaxels in the sample (Fig.[2). The rSK relation slopes
in our sample are generally somewhat flatter than those in the HER-
ACLES sample (e.g. Fig. 5 of Leroy et al. 2013), but as shown in
that paper (and here) the nature of these relations depend on the
galaxy properties of the sample. There are two notable outliers in
the distribution of rSK relation slopes in our sample: 8082-12704

5 An ODR fit was also performed, but produced erratic results for a handful
of galaxies with small numbers of spaxels, or limited dynamic range. The
OLS fit was also a better visual representation of the data for the galaxy-by-
galaxy fits and is hence adopted here.
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whose rSK slope is 0.2 and 8081-3704 whose rSK slope is 1.5. The
former of these outliers has relatively few star forming spaxels with
which to constrain its rSK relation, and they are all at quite large
galactocentric radii (e.g. Fig[d). We conclude that the rSK relation
fit for 8082-12704 is likely to be unreliable. Conversely, the rSK
relation for 8081-3704 seems to be robust, and it is obvious from
Fig [4] that its slope is steep. This galaxy is one of the central star-
bursts studied by Ellison et al. (2020a), and was identified in that
work to have one of the largest enhancements in central SFE of the
sample, consistent with our finding of a steep rSK relation.

In Fig.[T4]we plot the slope of the rSK relation versus the same
global galaxy parameters that we have investigated for a correlation
with the normalization of the resolved star formation relations. The
horizontal dashed line shows a slope of unity, for reference. From
Fig. [[4 we find correlations of at least 20~ significance between
the slope of the rSK relation and sSFR (correlation) and with total
stellar mass (anti-correlation). These trends with total stellar mass
and sSFR were also seen in Fig.[T3]to correlate with the offset from
median rSK relation, although the trends with rSK slope are weaker
than with ArSK. In contrast, whereas ArSK shows a significant cor-
relation with Sersic index, no significant correlation is found be-
tween N and the slope of the rSK relation. The weaker trends seen
between sSFR, total stellar mass and N with rSK slope, indicates
that the normalization of the rSK relation is affected by these galaxy
parameters, in addition to the slope.

Given the varying molecular gas detection limits from galaxy-
to-galaxy (e.g. Fig. @) we repeat the above analysis but requiring
a minimum log Zy, = 7.0 Mg kpc™ for a spaxel to be included
in the analysis. Since all of the galaxies in our sample have Xy,
detection thresholds below log =y, = 7.0 Mg kpc™2, this experi-
ment enforces a uniform effective surface density threshold. The
results of Fig.|13|are qualitatively unchanged with the imposition
of this surface density threshold. The significance of the correla-
tion between ArSK and both stellar mass and Sersic index are iden-
tical to those shown in Fig. The correlation between ArSK is
actually strengthened with the molecular gas surface density cut
imposed: p=0.81, p=3.2x10~". However the correlation between
galaxy physical properties and SK relation slope (Fig. is af-
fected by the imposition of a detection threshold: the correlation
with sSFR is no longer statistically significant (0=0.26, p=0.2)
and the correlation with stellar mass is weaker, but still significant
above the 20 threshold considered in this work (po=—0.42, p=0.03).

As in the previous subsection, we test whether the correla-
tions in Figs[[3]and[T4]are driven by a single galaxy by performing
a jack-knife test. As before, each galaxy is removed in turn and
the p-value is re-computed. A correlation of at least 20~ signifi-
cance between ArSK and both Sersic index and sSFR is recovered
for all jack-knife iterations, as well as in 93 per cent of iterations
with stellar mass. Likewise, the two significant correlations with
SK slope (sSFR and stellar mass) are recovered in 96 per cent of
the iterations. We conclude that a single outlier does not drive the

correlations in Figs. [13]and

7.3 What drives the galaxy-to-galaxy variation of the
resolved MGMS?

Fig. [I5] examines the correlations between a galaxy’s offset from
the average rMGMS and global parameters. In contrast to the rSK
relation and rSFMS, no significant correlation is found between
ArMGMS and either Sersic index or total stellar mass (despite the
fact that stellar mass contributes to the definition of ArMGMS,
highlighting again that correlations found in previous sections are

not a trivial result of shared variables). The rMGMS of a galaxy
correlates only (within the parameters tested here) on its sSFR
(~ 3.50 significance). The lack of sensitivity of the IMGMS to to-
tal stellar mass and Sersic index likely contributes to its relatively
small scatter overall.

Global studies of molecular gas content have found a strong
correlation of f;, with sSFR (Saintonge et al. 2011a, 2017; Dou et
al. 2020), which is consistent with our finding of a highly signifi-
cant correlation of this latter variable with ArMGMS. Saintonge et
al. (2017) have additionally found an anti-correlation between fj,
and both total stellar mass and morphology (parametrized by global
stellar mass surface density in their work), which we do not find
in our resolved data. However, the trends between fy, and stellar
mass and morphology were found by Saintonge et al. (2017) to be
mass dependent and require stacking to properly account for non-
detections, whereas we have required CO detections for at least 20
spaxels for galaxies to be included in our sample. The fairest com-
parison of our work is therefore probably with the individual de-
tections of galaxies in the original COLDGASS survey (Saintonge
et al. 2011a), that span a very similar mass range to our sample.
When only the COLDGASS detections are considered, no signifi-
cant correlation is found between fy;, and either total stellar mass
or morphology, consistent with our findings in Fig[T3]

As in the previous subsection, we test the impact on our results
imposing a uniform detection threshold for all spaxels of log Xy, =
7.0 M, kpc2. The statistically significant correlation found in the
lower panel of Fig[T5|between ArMGMS and sSFR is still present,
but with a slightly weaker significance (p = 0.6, p=0.0013). Like-
wise, our jack-knife test reveals that the statistically significant cor-
relation between ArMGMS and sSFR remains in 100 per cent of
iterations, indicating that neither the detection threshold nor the a
single outlier is responsible for the correlation.

In summary of this Section, we have found the following (non-
trivial) correlations to exist between the three star formation scaling
laws and galactic parameters with at least 20 significance:

e Anti-correlation between ArSFMS and total stellar mass (p =
0.02) and Sersic index (p = 0.005).

e Anti-correlation between ArSK and total stellar mass (p =
0.03) and Sersic index (p = 0.01); Correlation between ArSK and
sSFR (p = 7 x 1079).

e Correlation between ArMGMS and sSFR (p = 0.0001).

8 DISCUSSION

We have presented a large sample of ~15,000 spaxels in 28 galax-
ies observed with MaNGA and ALMA to homogeneously derive
Zsrr, 2« and Xy, in order to investigate the rfSFMS, IMGMS and
rSK relation on a galaxy-by-galaxy basis. All three relations show
considerable galaxy-to-galaxy variation in both normalization and
shape. We also find that galaxies show an order of magnitude in-
ternal variation in their sSFR, SFE and fy,, as explored for the full
ALMaQUEST sample in Lin et al. (2020).

8.1 Internal variations and self-similar disks.

Although future papers in this series will analyse radial properties,
as well as the behaviour of gas and star formation in the bulge and
disk regions, we comment briefly on this topic in the context of the
results presented here. Radial gradients (and variations therein) in
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sSFR, SFE and fy, have all been extensively documented in previ-
ous works (Leroy et al. 2008, 2013; Schruba et al. 2011; Cano-Diaz
et al. 2016; Casasola et al. 2017; Ellison et al. 2018; Sanchez et
al. 2018; Sanchez 2020), so the existence of internal variations of
these properties is not surprising. However, our results contribute to
this discussion by showing that galaxies are clearly not self-similar,
even at fixed total stellar mass, or at fixed galactocentric radius.

The variation of the rSFMS from galaxy-to-galaxy provides
a good example of this lack of self-similarity and its relevance in
current literature debates. On the one hand, it is not suprising that
the shape (both a sub-unity slope and a flattening of Xggr at high
X, ) of the rSFMS indicates that the sSFR is lower in the centre for
many galaxies in our sample. After all, the fundamental distinction
in colour between galactic bulges and disks tells us that star for-
mation dominates in the latter. Abramson et al. (2014) have indeed
argued that separating the global SFMS into a bulge and disk com-
ponent leads to a more constant sSFR for the disk, and hence the
slope of the global SEMS is driven by the relative contribution of
the bulge. Mendez-Abreu, Sanchez & de Lorenzo-Caceres (2019)
have also found that the integrated SFRs in the disk components
of early type galaxies are qualitatively consistent with the global
SEMS.

However, the diversity in the rSFMS amongst galaxies shown
in Fig. [f]is clearly not in agreement with a constant disk rSFMS,
which would manifest as a universal relation (with constant nor-
malization) between X, and Zgsrr on disk scales (i.e. above a few
kpc). Instead, we find that there is a range of characteristic sSFRs
on disk scales even for galaxies with approximately constant to-
tal stellar mass. The slopes of the rSFMS in this radius regime are
also generally sub-unity. Our results are therefore more consistent
with the recent work of Cook et al. (2020) who find that the re-
duced sSFR of the global SFMS at high M, persists in the disks
of galaxies. Catalan-Torrecilla et al. (2017) likewise find disks that
can be offset below the SFMS. We also find a variety of behaviours
for the central (or bulge) regions in our sample - often the Zgpr
turns over at high X, but in some cases, the relation continues as
a straight line. This is again in agreement with Catalan-Torrecilla
et al. (2017) who find a wide range of bulge sSFR. In short, we do
not find a universal disk and bulge rSFMS that simply vary in their
relative proportions from galaxy to galaxy. The scaling relations
found in this work appear to be neither universal, nor self-similar
at a given radial distance.

8.2 Interpreting star formation relations on different scales.

As emphasized in the Introduction, scaling relations in science are
highly valued for the insight that they provide into the fundamen-
tal mechanisms that drive physical processes. The scaling relations
presented in this paper were first established for integrated galaxy
properties, such as total stellar mass, total SFR and total gas content
metrics (e.g. Kennicutt 1998a,b; Noeske et al. 2007a). The exis-
tence of such tight, global scaling relations has been bestowed with
significant fundamental import in understanding the regulation of
star formation (e.g. Noeske et al. 2007b; Renzini & Peng 2015),
and has been used as a metric for the successful reproduction of
galactic properties in cosmological simulations (e.g. Sparre et al.
2015; Matthee & Schaye 2019f]

Spatially resolved studies have now firmly established that the

6 Whilst the rSK relation is imposed manually in many simulations as a
star formation recipe, the rSFMS is not an explicit input and its existence is
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star formation scaling relations reflect kpc-scale correlations (e.g.
Wong & Blitz 2002; Bigiel et al. 2008; Schruba et al. 2011; Cano-
Diaz et al. 2016; Hsieh et al. 2017), and simulations have like-
wise tested whether resolved relations emerge from contemporary
hydrodynamical codes (e.g. Orr et al. 2018; Trayford & Schaye
2019; Hani et al. 2020). Attention has therefore naturally shifted to
parametrizing the shape, slope and normalization of resolved rela-
tions, in order to understand, for example, whether depletion times
are constant. As a result, physical significance has been attached to
the fits derived from kpc-scale surveys of gas and star formation.
However, the significant galaxy-to-galaxy variations in all three of
the star formation scaling relations undermines attempts to make
universal statements based on ensembles of data. This caveat was
pointed out several years ago already by Leroy et al. (2013) for the
rSK relation, who cautioned that to fit a single power law to the en-
semble data of many galaxies oversimplifies their actual complex-
ity. The details of the fit to any data ensemble will depend on the
exact galaxies that are included, and therefore carries little physical
meaning. For example, Leroy et al. (2013) have pointed out that
the rSK relation exhibits an ‘artificial’ uniformity when the sample
is dominated by star-forming disks. Resolution can also affect the
derived slope (Calzetti et al. 2012), as well as conversions between
different molecular gas tracers (e.g. different excitation CO lines).

The work presented here demonstrates that the same caveat
applies to all three of the resolved star formation scaling relations.
Perhaps the most dramatic demonstration of the perils of fitting a
single relation to a diverse population is the rfSFMS. Fig. |3| shows
that the individual galaxy rSFMS often turnover towards high Z,.
As discussed above, this is a natural consequence of lower sSFR in
the centres of many (but not all) galaxies. However, the ensemble
rSFMS for all of the ~ 15,000 spaxels in our dataset, shows no
such turnover (Fig. [2) - the detailed shapes of individual rfSFMS
have been smeared out when combined into a single sample.

Pan et al. (2018) have previously proposed that a turnover in
the rSFMS at high X, is the result of an increasing contribution
from non-star forming regions in the bulge. They find that a linear
rSFMS is recovered when only strictly star forming spaxels are se-
lected from the MaNGA dataset. Our results differ from those of
Pan et al. (2018), since we find that individual galaxies may exhibit
a turnover in their -SFMS even though we have applied a strict set
of criteria to identify star formation dominated spaxels. We sug-
gest that the likely origin of our differing conclusions is that the
turnover of the rSFMS that exists in individual galaxies is erased
when galaxies are compiled together. In practice, both effects are
likely at play, i.e. the centres of galaxies contain fewer star forming
regions, and there is a real suppression in the centres of galaxies.
A complementary result is presented by Cano-Diaz et al. (2019)
who show that galaxies with different morphologies have different
rSFMS, not just because they have fewer regions of star formation,
but also because there is a different characteristic normalization.

Comparing the diverse shapes and normalizations from
galaxy-to-galaxy in Fig. [3| and the ensemble of all the spaxels in
Fig. 2]also highlights the challenge of interpreting the shape of the
global SFMS from large datasets. For example, Renzini & Peng
(2015) have emphasized the tight, linear ridge line of the global
SEMS obtained from the SDSS DR7, and discussed the previous
observations of flattening at high M, (e.g. Whitaker et al. 2012) in
terms of bias in sample selection. However, our results indicate that

therefore a result of a combination of structure formation and resulting star
formation.
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diversity of the galaxy-to-galaxy rSFMS can be lost when large en-
sembles of galaxies are combined, an effect which fundamentally
undermines the extraction of physical meaning from the shape of
global relations.

Despite the new insights that can be gleaned from moving
from studying the star formation relations on a global scale to kpc-
scales, there is further progress to be made by continuing our jour-
ney down the resolution scale. The rSK relation is known to break-
down on scales below a few hundred pc (e.g. Onodera et al. 2010;
Schruba et al. 2010), with a spatial mis-match between the loca-
tions of gas and stars (Kreckel et al. 2018; Kruijssen et al. 2019;
Schinnerer et al. 2019). The resolved kpc-scale relations studied in
this paper therefore only emerge when the resolution is sufficient to
blur these locations into overlap. As a result, the scatter of the rSK
relation exhibits a clear dependence on resolution (Kreckel et al.
2018). Whilst we have therefore cautioned that we must be mind-
ful of over-interpreting either global scaling relations, or ensembles
of data from many galaxies, the kpc-scale relations for individual
galaxies may also mask the fundamental physics of the star forma-
tion process.

8.3 What drives the variation in scaling relations?

Studies of global gas properties in large galaxy samples indicate
that variations in SFR are driven by changes in both gas fraction
and SFE (Tacconi et al. 2013, 2018; Piotrowska et al. 2020). Sim-
ilar investigations have also been conducted using kpc-scale IFU
datasets (e.g. Dey et al. 2019; Bluck et al. 2020a,b; Morselli et al.
2020). In Ellison et al. (2020b) we used the ALMaQUEST dataset
to quantify whether the rfSFMS was primarily regulated by changes
in gas fraction or SFE. Using both a traditional correlation anal-
ysis, as well as an artificial neural network approach, Ellison et
al. (2020b) concluded that whilst both gas fractions and SFE were
linked to changes in the rSFMS, it was the latter that exhibited the
stronger correlation. The results in Fig. 0] support the conclusion
of Ellison et al. (2020b). Although there is a significant correla-
tion between a galaxy’s rMGMS (which reflects its characteristic
gas fraction) and the rfSFMS (top panel), the relationship is much
stronger with the rSK relation (an indicator of SFE; middle panel).
Nonetheless, it is important to note that this generalized conclu-
sion for our dataset does not necessarily apply to every individual
galaxy, and it is almost certainly the case that some galaxies have
sSFRs that are responding to gas supply. As shown in Fig. [6] the
cause of reduced central sSSFRs can vary, being due to either low
gas fraction or low SFE, further highlighting the individuality of
every galaxy.

In this paper, we have focused largely on the differences in the
star formation relations from galaxy-to-galaxy. Other works have
investigated differences wirthin a given galaxy. Leroy et al. (2013)
were amongst the first to demonstrate significant galaxy-to-galaxy
differences in the rSK relation, but they also demonstrated that a
given galaxy tends to show shorter depletion times in its centre.
With expanded samples it has become clear that the situation is
more complicated. For example, using the EDGE-CALIFA sam-
ple Colombo et al. (2018) showed that radial depletion time pro-
files depend strongly on morphology. Also with EDGE-CALIFA,
Utomo et al. (2017) have demonstrated a large diversity in radial
depletion times; like Leroy et al. (2013), they identified a subset of
galaxies that have shorter depletion times in their centres. Galaxies
with strong bars, or recent interactions often fall into this category
of short central depletion times (although not all barred galaxies
have shorter central depletion times; Chown et al. 2019). However,

Utomo et al. (2017) also showed that some galaxies can have cen-
tral depletion times that are longer than the galaxy average. Once
again, the galaxy population exhibits considerable diversity, not just
between, but within galaxies, even on kpc scales.

8.4 Extra pieces of the star formation puzzle.

Despite our efforts to bring together the ingredients for the three
star formation relations, the picture afforded by the ALMaQUEST
dataset remains incomplete. We are lacking both atomic gas, as well
as the dense gas (most commonly traced by HCN) measurements,
both of which have been recently shown to play an important role in
understanding the balance of gas and star formation. The role of HI
in regulating star formation has sometimes been down-played since
early observations, with molecular gas shown to drive the rSK rela-
tion on both global and resolved scales (Wong & Blitz 2002; Bigiel
et al. 2008; de los Reyes & Kennicutt 2019). However, Morselli et
al. (2020) have recently shown (for a sample of five local grand de-
sign spirals with kpc-scale resolution) that Xspr can be expressed
solely as a function of X, and Xy;, with the former variable setting
the rSFMS and the latter its normalization (see also Saintonge et al.
2016 for a global perspective on the dependence of the rSFMS and
HI content). Casasola et al. (2020) have also shown that (globally)
dust mass correlates better with HI than molecular gas and Bacchini
et al. (2019) find a strong correlation between HI and SFR when
volume based (rather than surface density) quantities are used. A
more extensive analysis of the role of Zy; in regulating star forma-
tion in the nearby universe likely awaits the arrival of the ngVLA
or SKA.

Yet perhaps the most interesting relationship that we have not
been able to study in the current work is the correlation between
the dense gas surface density (Zgcn and Zggr, or ‘dense gas rSK re-
lation’). This relation, due to its small scatter and consistency from
the scales of molecular clouds to galaxies, has been proposed as a
demonstration that star formation is a simple function of the dense
gas content (Wu et al. 2005; Lada et al. 2010). However, recent
work from the EMPIRE survey has shown that even the dense gas
rSK relation is not immune from significant galaxy-to-galaxy, as
well as internal, variations (Gallagher et al. 2018; Jimenez-Donaire
etal. 2019). For example, these works show that although dense gas
is generally more abundant in the centres of galaxies, the efficiency
with which this gas is turned into stars is low at smaller galactocen-
tric radii (see also earlier work by Usero et al. 2015; Bigiel et al.
2016). Mapping HCN at kpc-scale resolution for MaNGA galaxies
is now within the reach of the ALMA observatory, and in Lin et al.
(in prep) we present detections for two main sequence and 3 green
valley galaxies in our sample.

9 SUMMARY AND CONCLUSIONS

Large statistical surveys of galaxies have demonstrated that there
are tight correlations between total stellar mass, total molecular gas
mass, and total SFR, which have become known as the Schmidt-
Kennicutt (SK) relation (Mpy, - SFR), the star forming main se-
quence (SFMS; M, - SFR) and the molecular gas main sequence
(MGMS; M, - My,). These same star formation scaling relations
have been shown to exist on local (kpc or below) scales within
galaxies, leading to the definition of a ‘resolved’ SK relation (rSK;
2y, - ZsFr), a ‘Tesolved” SFMS (rSFMS; X, - Zspr) and a ‘resolved
MGMS’ (rfMGMS; X, - Xy, ). The resolved star formation relations
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have been demonstrated to exist, with a tight scatter, for large en-
sembles of galaxies, broadly indicating that galaxies are built and
regulated according to these physical parameters.

Using a sample of ~15,000 star forming spaxels selected from
28 galaxies in the ALMaQUEST survey, we have investigated the
galaxy-to-galaxy variation of the three resolved star formation re-
lations (rSK, rSEMS, rMGMS) in order to assess their universality
and correlations with global galaxy parameters. Our main conclu-
sions are as follows:

1. Based on our full sample of ~15,000 star forming spaxels, we
confirm the strong kpc-scale correlations found in many previous
works between Xy, and Zgrr (i.e. the rSK relation), X, and Zggr
(i.e. the rfSFMS) and between X, and Xy, (i.e. the rMGMS). The
scatter of the rSK relation and the rMGMS is equally tight (~ 0.2
dex for an ODR fit, or ~ 0.3 dex for an OLS fit), and their corre-
lation coefficients equally strong (o ~ 0.7). However, the rfSFMS
shows both a higher scatter (0.3 dex for the ODR and 0.4 dex for
the OLS fits) and weaker correlation coefficient (o= 0.57), see Fig.
2l

2. Despite the strong, and tight, correlations observed in the en-
semble relations, there is up to an order of magnitude variation in
all three of the star formation relations between different galaxies
which dominates the scatter of the ensemble relations (Fig.[7).

3. The median offset of a given galaxy from each of the three
star formation scaling relations is computed relative to the median
of the full sample of ~15,000 spaxels in order to yield a ArSK,
ArSFMS and ArMGMS for each galaxy. A comparison of these
galaxy-by-galaxy offsets reveals that the rIMGMS exhibits the least
galaxy-to-galaxy variation and the rSFMS shows the most (Fig. [g).

4. There is no correlation between a galaxy’s ArSK and its
ArMGMS, indicating that the distribution of molecular gas in the
stellar potential and its conversion into stars is regulated indepen-
dently within each galaxy. However, there is a strong correlation
between ArSFMS and both ArSK and ArMGMS (Fig. [9). We sug-
gest that this is a result of the rfSFMS arising from the combination
of the rSK relation and rMGMS, rather than being an independent
correlation in its own right. The existence of the rSFMS as a prod-
uct of the the rMGMS and rSK relation is consistent with its larger
scatter and weaker correlation coefficient.

5. We investigate how ArSK, ArSFMS and ArMGMS depend
on global galaxy properties and find the following (non-trivial) cor-
relations with at least 20~ significance: the rSFMS is lower in galax-
ies with higher M, and larger Sersic index (Fig.[T0][TT][T2); the rSK
is lower in galaxies with higher M, larger Sersic index and lower
sSFR (Fig. [T3); the IMGMS is lower in galaxies with lower sSFR
(Fig.[T3). We also find that the slope of the rSK relation correlates
with sSFR and anti-correlates with stellar mass (Fig. [T4).

A full understanding of what drives these galaxy-to-galaxy
variations remains elusive. One promising recent result in this re-
gard is the finding that using volumetric versions of the scaling
relations significantly reduces their scatter, since it accounts for the
variations in scale height and effects such as disk flaring (Bacchini
et al. 2019). Datasets that include multiple gas phase tracers (such
as HI, H, and HCN), as well as computing volumetric scaling rela-
tions may shed further light on the magnitude of galaxy-to-galaxy
variation of the star formation scaling laws and the factors that drive
them.
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APPENDIX A: CONVERSION FACTOR CONCERNS

The choice of aco is the bane of molecular gas studies. In this work,
we have adopted a constant value of acp = 4.3 My pc? (K km
s71)~!. However, it is well known that this value decreases when
the star formation rate is high, as first found for extreme starburst
galaxies (Downes & Solomon 1998; Bryant & Scoville 1999), and
later as a smooth function of offset above the global SFMS (Ac-
curso et al. 2017). Although the radial profiles of a ¢ are generally
flat within a given galaxy, galaxies frequently show decreased val-
ues within the inner 1 kpc (Sandstrom et al. 2013). Finally, due to
a combination of few metal atoms per hydrogen, as well as the al-
tered ionization structure due to reduced shielding at lower metal-
licities and dust-to-gas ratios, there is also an inverse correlation
between aco and metallicity (e.g. Narayanan et al. 2012). We re-
fer the reader to Bolatto et al. (2013) for an extensive review on
variations in the CO conversion factor.

We investigate the impact of a metallicity dependent @co on
our results by adopting the parametrization from Sun et al. (2020):

aco = 43527 Mypc (K km s71)7! (A1)

where Z is the spaxel gas-phase metallicity computed using
the Pettini & Pagel (2004) calibration, normalized to a solar value

© 0000 RAS, MNRAS 000, 000-000
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of 12+log(O/H)=8.69. A S/N>5 in each of the calibration’s emis-
sion lines is required. Of the ~15,000 spaxels in our sample, 10,562
pass this criterion and hence have metallicity dependent aco com-
puted. The median change in Xy, when adopting equation 1 is 0.07
dex, i.e. on average Xy, is slightly larger for the sample overall us-
ing the metallicity dependent conversion factor (since the median
metallicity is slightly sub-solar at 12+1og(O/H)=8.65. The majority
of metallicities are between 8.55 < 12+log(O/H) < 8.75, resulting
in conversion factors that are typically between 3.5 < aco < 7.3 M,
pc? (Kkm sy,

We first consider the impact of the metallicity dependent aco
on the ensemble relations shown in Fig.[2] The rSFMS is nominally
unaffected by the choice of conversion factor, since it does not in-
volve Xy,. However, since we have reduced our spaxel sample to
those for which we can determine a metallicity, the slope of the
rSFMS used in the aco tests is flattened slightly to 0.61 and 1.17
for the OLS and ODR fits, respectively.

The two relations where we might expect to see a direct im-
pact (in addition to the effect of sample selection) of a variable aco
are the rSK relation and the rMGMS. We find that the slope of
the rSK relation is almost unaffected by the adoption of equation
1. The OLS and ODR fits to the rSK relation with the metallicity
dependent conversion factors give slope values of 0.92 and 1.27,
respectively. However, a significant change is found for the slope
of the ensemble rIMGMS, whose value decreases to 0.86 and 0.56
for the ODR and OLS methods, respectively. The reason for this
significant flattening in the slope of the rMGMS is the presence
of a resolved mass-metallicity relation (e.g. Rosales-Ortega et al.
2012; Barrera-Ballesteros et al. 2016; Ellison et al. 2018), whereby
O/H increases with increasing X,. A metallicity dependent aco
therefore results in, broadly speaking, a £, dependent a¢o. Con-
sequently, Xy, tends to be slightly larger for low X, and slightly
lower for high X,, resulting in a flatter gradient for the rMGMS.
There is almost no correlation between Zgrr and the change in Xy,
using a metallicity dependent a o, so there is no systematic change
in the rSK relation slope. When using the same sample of 10,562
spaxels with metallicity dependent @, conversion factors applied,
we also still find that the rSFMS has the largest scatter of the three
star formation relations.

In Fig. [AT] we reproduce Fig.[7] but with the metallicity de-
pendendent a¢o adopted. We still require that a galaxy has at least
20 star forming spaxels that pass all our selection criteria (includ-
ing S/N in both the optical and CO data). Given that our spaxel
sample is reduced from ~15,000 to ~10,000 spaxels (due to the
additional requirement that a robust metallicity can be computed),
we find that only 26/28 galaxies in our original sample fulfill the
20 spaxel requirement. Nonetheless, it is clear from Fig. that
the galaxy-to-galaxy diversity in all three star formation scaling re-
lations persists when a metallicity dependent conversion factor is
adopted, and that this diversity accounts for much of the scatter
in the ensemble relation (grey scale in each panel). The scatter in
the curve offsets (shown for fixed aco in Fig. [8) are found to be:
o (AtMGMS) = 0.25 dex, o (ArSK) = 0.21 dex, o(ArSEMS) = 0.35
dex. The metallicity dependendent @ has therefore slightly in-
creased the galaxy-to-galaxy variation in the rMGMS (originally,
o(ArMGMS) = 0.18 dex), but reduced the scatter in the rSK re-
lation (originally, c(ArMGMS) = 0.26 dex). The galaxy-to-galaxy
variation remains the largest in the rSFMS.

Repeating the correlation tests shown in Figs. [I0] to [T3] with
a metallicity dependent converstion factor, we find that the rSFMS
offset still anti-correlates significantly with Sersic N (o = —0.48,
p=0.01), although not as strongly as was found with a fixed aco.
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Figure A1. As for Fig.m but using a metallicity dependent aco. Only 26/28 galaxies in our sample have at least 20 spaxels that pass our star-forming selection
cut (which includes S/N thresholds in both the optical and CO data) and have robust metallicity measurements. The grey scale in the background of each panel

shows the ensemble of ~10,000 spaxels over all 26 galaxies.
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Figure A2. Significant (> 20) correlations identified between the offset
of a given star formation scaling law and various global properties when
a metallicity dependent conversion factor is used. The Pearson correlation
coeflicient (p) and p-value are given in the top left of each panel.

The trend with mass also drops in strength and is no longer sig-
nificant (0 = -0.32, p=0.11). In Fig. [I3] we found significant
(> 20) correlations or anti-correlations between ArSK and stel-
lar mass, Sersic N and sSFR. The adoption of a metallicity de-
pendent @co weakens these correlations and the only one that re-
mains significant with at least 20" significance is that between ArSK
and sSFR (p = 0.69, p = 1 x 107*). In Fig. we found that a
galaxy’s offset from the average rMGMS showed a significant cor-
relation only with its global sSFR. Contrary to the weaker correla-
tions found for ArSK when a metallicity dependent conversion fac-
tor is adopted, we find that the correlation between ArMGMS and
sSFR is greatly strengthened when using a variable aco: p = 0.78,
p = 3 x 107°. The adoption of a metallicity dependent conversion
factor also reveals an anti-correlation between ArMGMS and Ser-
sic N (p = —0.4, p = 0.04) that was not significant for a fixed value
of aco. For conciseness, we have not reproduced Figs [T0] to [T3] in
full for the metallicity dependent conversion factor, but show just
the correlations found at >2¢ significance in Fig.

In summary, we find that using a metallicity dependent aco
still leads to star formation scaling laws with significant galaxy-
to-galaxy variation and that the rfSFMS has both the largest scatter
in the ensemble relation of all spaxels, and the largest galaxy-to-

galaxy scatter. We find significant (> 20) trends between ArSFMS
and Sersic N (anti-correlation), between ArSK and sSFR (correla-
tion) and between ArMGMS and sSFR (correlation) and Sersic N
(anti-correlation).
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