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1. INTRODUCTION

The assembly of the galaxy population across cosmic
time can be mainly described by the star formation his-
tory (e.g., Lilly et al. 1996; Madau & Dickinson 2014 for
a review ), quenching history (e.g., Peng et al. 2010; Ren-
zini 2016), merging history (e.g., Kauffmann et al. 1993;
Conselice 2014 for a review), chemical enrichment his-
tory (e.g., Maiolino & Mannucci 2019 for a review) and
angular momentum history (e.g., Peebles 1969; White
1984; Mo et al. 1998; Navarro & Steinmetz 2000; Renzini
2020; Peng & Renzini 2020). Stars are commonly be-
lieved to form in cold dense molecular clouds. Star for-
mation rate (SFR) can be associated to the total avail-
able cold molecular gas mass (Mpy,) in the interstellar
medium (ISM) of the galaxy via star formation efficiency
(SFE) as SFR = SFE x My,. The SFE, or equivalently
the gas depletion timescale 7 (7 = 1/SFE), describes
how efficiently the galaxy can convert the available cold
gas into stars.

In line with this effort, several key scaling relations
have been identified. The first one is the star-forming
main sequence (Brinchmann et al. 2004; Daddi et al.
2007; Elbaz et al. 2007, 2011; Noeske et al. 2007;
Schiminovich et al. 2007; Franx et al. 2008; Peng et al.
2010; Whitaker et al. 2012, 2014; Speagle et al. 2014;
Rodighiero et al. 2015; Renzini & Peng 2015; Schreiber
et al. 2015; Popesso et al. 2019a.b),
the tight relation between SFR and stellar mass of the
star-forming galaxies. The second one is the molecu-

which describes

lar gas main sequence (Barrera-Ballesteros et al. 2018;
Tacconi et al. 2018; Lin et al. 2019; Barrera-Ballesteros
et al. 2020), which describes the correlation between
molecular gas mass and stellar mass. The third one is
the so-called extended KS relation, which describes the
correlation between SFR and the combination of gas
mass and stellar mass (Dopita 1985; Dopita & Ryder
1994; Shi et al. 2011, 2018).
ing interests and many efforts that have been made to
study the combined 3D relation defined by M,, SFR
and My, (Lin et al. 2019; Morselli et al. 2020; Ellison
et al. 2020a,b).

There are also increas-
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Figure 1. Comparison of the Mu,-SFR relation (left) and p-sSFR relation (right). Black dots are individual galaxies. The
blue solid lines show the best fits to the data using ODR fitting method. The slope, residual variance and total variance of the
best-fitting model are given in the legend.
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Figure 8. The average molecular gas mass as a function of SFR in different stellar mass, bulge-to-total ratio, effective radius
and s5FR. The average values are calculated with a sliding box of 0.5 dex in SFR. Error bars on each line indicate the 32th and
G8th percentile of the galaxy distribution. The black diagonal lines are the constant star formation efficiency in three different
values. The thick gray line marks the CO detection ratio of ~80%. On the right hand side of the gray line, the average detection
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Figure 4. As for Figure 3, but for the p-sSFR relation and the lower right panel is for different SFR bins, As discussed in
the text and Appendix, for galaxies with log sSFR = -1.6 Gyr™!, the average CO detection ratio is larger than 80%, where the

results should be reliable

SFR relation is a collection and superposition of the

isfied, otherwise when the Mpu,-SFR relations at differ-



XEMKaA MNMOACHHAET 3TOT TE3NC

log M,,,
log M,;, — logM, =log p

log SFR logSFR — logM.. = log sSFR

Figure 5. Illustration of the interrelationship between the Mpy,-SFR (i.e. the integrated KS law) and p-sSFR relation, and
their dependence on stellar mass. The Myu,-SFR relation can be transformed into the p-sSFR relation by shifting each galaxy
by its log M.. For a given stellar mass bin (i.e. galaxies with similar M.), the shift is the same. Therefore, when the My,-SFR
relation at a given stellar mass bin is transformed into the p-sSFR relation, it is shifted along the diagonal line (i.e. along
the constant SFE line, as the shift is -log M. in both x-axis and y-axis) and its slope remains unchanged. In other words,
the intrinsic slope of the My,-SFR relation (i.e. slope at a given stellar mass) is the same as the p-sSFR relation. The global
My, -SFR relation (shaded region in the left panel) is a collection and superposition of the Mu,-SFR relations at different stellar
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Figure 6. Comparison of the My,- M. relation (upper lefi) and SFE-sSFR relation {upper right); SFR-M. relation (bottom
lefi) and SFE-1/ relation (bottom right). Black dots are individual galaxies. The blue solid lines show the best fits to the data
using ODR. fitting method. The slope, residual variance and total variance of the best-fitting model are given in the legend.
The dashed line indicates the position of the star-forming main sequence defined in Saintonge et al. (2016). The dotted lines
indicate £0.4 dex scatter around the main sequence,
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Fundamental F@JM@U@JIJ Relation



