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Abstract

The origin of the star-forming main sequence (SFMS; i.e., the relation between star formation rate and stellar mass,
globally or on kpc scales) remains a hotly debated topic in galaxy evolution. Using the ALMA-MaNGA
QUEnching and STar formation (ALMaQUEST) survey, we show that for star-forming spaxels in the main-
sequence galaxies, the three local quantities, star formation rate surface density (Xsgr), stellar mass surface density
(2X4), and the H, mass surface density (Xy,) are strongly correlated with one another and form a 3D linear (in log)
relation with dispersion. In addition to the two well-known scaling relations, the resolved SFMS (Xsgr versus >,.)
and the Schmidt—Kennicutt (SK) relation (Xspg versus Xy,), there is a third scaling relation between Xy, and X,
which we refer to as the molecular gas main sequence (MGMS). The latter indicates that either the local gas mass
traces the gravitational potential set by the local stellar mass or both quantities follow the underlying total mass
distributions. The scatter of the resolved SFMS (o ~ 0.25 dex) is the largest compared to those of the SK and
MGMS relations (o ~ 0.2 dex). A Pearson correlation test also indicates that the SK and MGMS relations are
more strongly correlated than the resolved SFMS. Our result suggests a scenario in which the resolved SEMS is the
least physically fundamental and is the consequence of the combination of the SK and the MGMS relations.

Key words: galaxies: evolution — galaxies: general — galaxies: star formation

1. Introduction

The discovery of the tight relation between the star formation
rate and the stellar mass of galaxies, namely, the star-forming
main sequence (SFMS; Brinchmann et al. 2004; Daddi et al.
2007; Noeske et al. 2007; Lin et al. 2012; Whitaker et al. 2012;
Speagle et al. 2014), not only offers a channel to characterize
properties of galaxies but also provides constraints on the
galaxy formation and evolution models. However, the physics
driving this scaling relation are not well understood, as it is not
clear why the current star formation rate is related to the total
star formation rate integrated over the past (i.e., stellar mass).
Star formation is a complex process that involves multiple
scales. For example, whereas the global star formation rate
depends on the large-scale environment (Dressler 1980;
Kauffmann et al. 2004; Cooper et al. 2007; Elbaz et al. 2007;
Lin et al. 2014), the efficiency of gas converted into stars is
dependent on local conditions operating on sub-kpc scales
(Krumholz & McKee 2005; Murray 2011). Probing relation-
ships between stars and gas across different physical scales
may therefore shed light on the origin of the SFMS.

Recent studies using integral field spectroscopy observations
have shown that the star formation rate surface density (Xsggr)
traces the stellar mass surface density (X,) linearly at kpc/sub-
kpc scales (Sanchez et al. 2013; Wuyts et al. 2013; Cano-Diaz
et al. 2016; Hsieh et al. 2017; Ellison et al. 2018; Medling et al.
2018; Pan et al. 2018; Vulcani et al. 2019). This so-called

“resolved” SFMS (rSFMS) indicates that the connection
between the global star formation rate and stellar mass may
actually originate from local processes. However, while the
relationship between Yy, and Xgpr (Schmidt—Kennicutt, or
SK, relation; Schmidt 1959; Kennicutt 1998) is understood as
the formation of stars from molecular gas, the physical reason
for the rSFMS remains a mystery. To complete the picture of
the origin of rSFMS, it is therefore vital to relate the molecular
gas to star formation tracers and stellar masses with the same
spatial resolution. In this work, we combine spatially resolved
observations from the Mapping Nearby Galaxies at Apache
Point Observatory (MaNGA; Bundy et al. 2015) and Atacama
Large Millimeter/submillimeter Array (ALMA) for 14 SFMS
galaxies at z ~ 0.03, which allow us to study the relationships
between the surface densities of star formation rate, molecular
gas, and stellar mass on kpc scales.

Throughout thlS Letter we adopt the following cosmology:
Hy =70 kms™ Mpc ! Q,, =03, and O, = 0.7. We use a
Salpeter initial mass function (IMF).

2. Sample and Observations

The ALMA-MaNGA QUEnching and STar formation survey
(ALMaQUEST; L. Lin et al. 2019, in preparation) is a
compilation of four ALMA PI programs that follow up MaNGA
galaxies with '2CO(1 — 0) at a spatial resolution matched to
MaNGA (FWHM ~ 2”5). The “Quenching” component
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(2015.1.01225.S, 2017.1.01093.S, and 2018.1.00558.S; PLL.
Lin) of ALMaQUEST targets 32 galaxies that are on the main
sequence (MS; ~1/3 of the sample) and those in the green
valley (~2/3 of the sample). The other component, “Starburst”
program (2018.1.00541.S; PI: S. Ellison), consists of 12 central
starburst galaxies and 4 regular MS galaxies (see S. Ellison et al.
2019, in preparation). All of these observations adopt identical
observing setups and reduction procedures. In this work, we
present results using 14 MS galaxies with 10 < log(M../M.)
< 11.5 taken from the ALMaQUEST survey. These galaxies are
selected to have 10 '*° yr ! < specific star formation rate
(sSFR) < 10~%7 yr~! without showing strong central starburst
features. The sSFR range is sufficiently broad to ensure that we
sample a variety of star-forming galaxies. The CO data are
processed following the procedures described in Lin et al.
(2017), and the details will be described in the ALMaQUEST
survey paper (L. Lin et al. 2019, in preparation). The H, mass
surface density (Xy,) is computed from the inclination-corrected
CO surface density by adopting a conversion factor (aco) of
43 M. (Kkms ™' pc®)~! (e.g., Bolatto et al. 2013). A signal-to-
noise ratio (S/N) > 2 cut'” in the CO line is applied to our
analysis.

Other measurements, such as >, and emission-line fluxes,
are obtained from the MaNGA Data Release 15 (DR15) data
cubes processed by the Pipe3D pipeline (Sdnchez et al. 2016).
All the emission lines were then dust extinction corrected using
the Balmer decrement computed at each spaxel, following the
method described in the Appendix of Vogt et al. (2013). An
extinction law with Rv = 4.5 (Fischera & Dopita 2005) is
used. The SFR is estimated based on this extinction-corrected
Ha flux using the conversion given by Kennicutt (1998) with
the Salpeter IMF. X, and Yggg are computed using the stellar
mass and SFR derived for each spaxel, normalized to the
physical area of one spaxel with the inclination correction
applied. We limit our sample to spaxels with 2, > 10’ M, kpc >
and require the S/N in strong lines (Ho and Hp) and in weak lines
(IN1] 6584 and [O 1] 5007) to be > 3 and > 2, respectively.
These spaxels are further classified as star-forming regions using
the [N 1] 6584 diagnostic, following the method of Kauffmann
et al. (2003).

3. Results

3.1. The 3D and 2D Scaling Relations between
Yser X, and Xy

We first made a 3D plot (Figure 1) to show the spaxel-to-
spaxel relationship between Ygpg, 24, and Xy, for star-forming
spaxels identified using the diagnostic described in Section 2.
Figure 1 shows that these three quantities form a 3D linear (in
log) relation with dispersion, suggesting that each pair of these
three variables forms a tight relation. This is further illustrated
by the three contours that represent the deprojected data points
on the Ygpr—x(red), Yspr—2p, (blue), and Yp,—>,. (orange)
planes. In addition to the well-known SK relation (Xggg versus
Yp,) and resolved SFMS (Xggr versus X..), we also find that
Yp, traces X, which we hereafter refer to as the molecular gas
main sequence (MGMS). We fit each of the above relations
using the orthogonal distance regression (ODR) fitting method

12 Adopting different S/N cuts between 1.5 and 3 does not significantly alter
the slopes of the scaling relations presented here, and none of our conclusions
are affected. We choose to adopt a loose cut in CO in order to maximize the
number of spaxels that can be used in this work.

Lin et al.

—— rSFMS: a= 1.19, b=-11.68, 0= 0.25
—— SK: a=1.05, b=-9.33, 0= 0.19
MGMS: a= 1.10, b=-1.95, 0= 0.20

Figure 1. The 3D distribution between X, YXp,, and Xgpr, computed for 5383
spaxels (black points) identified as star-forming regions taken from 14 MaNGA
main-sequence galaxies. The contours show the results projected on the 2D
planes (red: SFMS; blue: SK; orange: MGMS), with the contour levels
corresponding to 20%, 40%, 60%, 80%, and 90% of the density peaks. The
best-fit parameters and associated scatters (o) based on ODR fitting are given in
the legend.

Table 1
Best-fit Parameters (¢ and b) and Associated Scatters (o) for the 2D Scaling
Relations
Relation a (ODR) b (ODR) o (ODR)
rSFMS (XsprvS. Xy4) 1.19 + 0.01 —11.68 + 0.11 0.25
SK (ZsprVSs. Xn,) 1.05 £ 0.01 —9.33 £+ 0.06 0.19
MGMS (Zy, vs. Xy) 1.10 £ 0.01 —1.95 £+ 0.08 0.20
with a power law parameterized as follows:
logoXsrr = a * logXx + b (1)
10g10 ESFR =a * logl()EHZ +b (2)
logp X2 = a * log,Xx + b. 3)

The best-fit parameters are shown in the legends of Figure 1
and in Table 1.

3.2. Resolved Star-forming Main Sequence

Figure 2 shows the Ysgr versus X, relation for the star-
forming spaxels in our sample. We first note that the slope of
the resolved MS (gray points), 1.19 £ 0.01, is higher than
those (K1) reported in the literature (Cano-Diaz et al.
2016, 2019; Hsieh et al. 2017; Ellison et al. 2018; Medling
et al. 2018; Pan et al. 2018). It is already known that the slope
is sensitive to both the fitting algorithms (e.g., ODR versus
ordinary least squares) and whether the non-H1II regions are
excluded or not. Nonetheless, our result is still slightly higher
than that reported (~1) by Hsieh et al. (2017), who computed
Yspr and X, using the same method for 536 star-forming
galaxies from the MaNGA DR13 sample with the ODR fitting.
To test whether this is due to the limited number of galaxies
used in this analysis, we randomly select 14 galaxies from the
MaNGA DR13 star-forming population to measure the slope of
the rSFMS and repeat this process 1000 times. The derived
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0o —— fit: a= 1.19, b=-11.68, o= 0.25
——- Hsieh et al. (2017)

Log Zsrr (Mo yr~t kpc~2)

7.0 7.5 8.0 8.5 9.0 9.5

.Log %+ (Mo kpc™2)

Figure 2. Spaxel-based star formation rate surface density vs. stellar mass
surface density (Xspr —>4) relation (gray points) for the ALMaQUEST
sample. The black solid line represents the best fit to our data. The best-fit
parameters, associated scatter (o), and the Pearson correlation coefficient (p)
are given in the legend. The green dotted dashed line is the ODR fitting result
derived by Hsieh et al. (2017) based on 536 star-forming main-sequence
galaxies in the MaNGA DRI13 sample.

mean slope of the 1000 trials is 1.11 £ 0.16. The slope of our
CO sample is therefore consistent (~0.50) with the Monte
Carlo result, implying that the steeper slope obtained for our
sample is likely due to the small number of the CO targets
instead of a biased population.

3.3. SK and Extended SK Relation

The SK relation has been measured to have a power-law
index (N) ranging from 0.5 to 3 (see Bigiel et al. 2008),
depending on not only the star formation rate or gas tracer (Gao
& Solomon 2004; Bigiel et al. 2008) but also the physical scale
used when computing the surface density (Onodera et al. 2010;
Kreckel et al. 2018). On larger scales (e.g., averaged over the
entire galaxy), N is superlinear (~1.4) for H, tracers, such as
CO, and is close to unity for dense gas tracers, such as HCN or
HCO+ (e.g., Gao & Solomon 2004). On the other hand, at
smaller scales (kpc or sub-kpc), N ~ 1 or even lower for CO-
based H, mass (Bigiel et al. 2008; Rahmani et al. 2016; Bolatto
et al. 2017; Kreckel et al. 2018). In this work, our data is well
fitted by a power law with exponent N ~ 1.05 &£ 0.01 (the left
panel of Figure 3), in good agreement with recent studies on
kpc/sub-kpc scales (Bigiel et al. 2008; Leroy et al. 2013;
Bolatto et al. 2017; Kreckel et al. 2018; Dey et al. 2019). It is
worth noting that the slope of the SK relation is not affected by
the cutoff in the H, limit associated with the S/N cut in the CO
flux. This is because the number density of spaxels in that
regime is relatively sparse.

Next, we explore the so-called extended SK relation (Shi
et al. 2011, 2018), in which SFR 1is parameterized as
SFR o (Xg, X E';/Z)“. It has been suggested that the scatter of
the extended SK relation can be reduced when adopting
8 = 0.5, which is often attributed to the effect of the midplane
pressure (Ostriker et al. 2010; Shi et al. 2011; Hughes et al.
2013). To test whether the extended SK relation applies to our
sample, we first color code our data with X, in the left panel of
Figure 3. It can be seen that there is no apparent dependence of
the scatter on X, contrary to expectations from an extended
SK model. On the other hand, a tendency of increasing H, with
increasing X, is revealed, which will be discussed in
Section 3.4. To further explore the possibility of a

Lin et al.

>« component to the SK relation, we vary the exponent (3
between —1 and 1 and compute the scatter of the best fit for a
given (. In the inset of the right panel of Figure 3, we plot the
residual scatter against the power exponent (3. It is found that
the scatter of the SK relation reaches a minimum value at
(8 = —0.3 but is not significantly different from the case in the
original SK relation (i.e., 3 = 0). The scatter even becomes
larger when adopting the “canonical” value of 0.5.

The extended SK relation with the optimal power exponent
(8 = —0.3) is shown in the right panel of Figure 3. Overall,
across the range in the stellar mass surface density of our data,
we do not find a significant improvement as seen in Shi et al.
(2018) when adopting the extended SK relation. However, we
note that our sample spans only 1.5 orders of magnitude in
¥, down to 107 M., kpc ™2, while Shi et al. (2018) covers a
much wider range in X, (~5 orders of magnitude).

3.4. Molecular Gas Main Sequence

Unlike the rSFMS and SK relations, the relationship between
Yp, and X, has not been explored much in the literature. A
positive correlation between these two quantities with a large
spread was previously shown in Wong et al. (2013) and
Barrera-Ballesteros et al. (2018). In fact, this trend may be
expected within individual galaxies, since both the gas and
stellar mass profiles generally decline with radius in spiral
galaxies (e.g., Casasola et al. 2017). However, it is not clear
whether there exists a universal scaling relation applicable to all
systems.

In Figure 4, we explore the spaxel-based correlation between
these two quantities, color-coded by sSFR. We see that Xy, is
almost linearly dependent on ¥, with a scatter of ~0.2 dex,
forming the MGMS. Again the H, limit has little impact on the
derived slope of the MGMS in our data. It is found that spaxels
with higher sSFR tend to lie on the upper end of the MGMS,
meaning that the star formation is boosted in regions with
enhanced gas fraction, as seen in spatially unresolved data
(Saintonge et al. 2017). The effect of the gas fraction on sSFR
locally will be further discussed in a companion ALMaQUEST
paper (Ellison et al. 2019).

4. Discussion

In this work, we have established a three-way scaling
relationship between YXgpr, X4, and Xy, on kpc scales. Each
pair of these three parameters exhibits a tight correlation with a
scatter of ~0.19-0.25 dex. Among the three relations, two
already well known: SK relation (Xspg versus Xy,) and the
rSFMS (2 ggr versus X,), while the third one, the MGMS
between Xy, and X, is shown convincingly here for the first
time. It is natural to ask: which of these correlations are more
fundamental?

To quantify the relative importance among the three 2D
relations, we compute Pearson correlation coefficients (p) for
each of them (shown in Figures 2—4). This analysis shows that
the SK relation has the strongest correlation, followed by the
MGMS and then the rSFMS. Indeed, the SK relation is
physically the most intuitive as stars form directly from the
molecular clouds. It also has the smallest scatter of the three.
On the other hand, the physical reason behind the MGMS is
less obvious. We consider two possible explanations for the
presence of this correlation. In the first scenario, the
contribution of dark matter to the gravitational potential of
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—— fit: a= 1.05, b=-9.33, 0= 0.19
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Figure 3. Spaxel-based Schmidt—Kennicutt (left panel) and extended Schmidt—Kennicutt (right panel) relations in our sample. The black solid lines show the best fits
to our data. The best-fit parameters, associated scatters (o), and the Pearson correlation coefficient (p) are given in the legend. The inset of the right panel shows the
associated scatter of the extended SK relation as a function of the power exponent (3.

i fit: a= 1.10, b=-1.95, 0= 0.20
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Figure 4. Spaxel-based molecular gas main-sequence (Xy,—>,) relation, color-
coded by sSFR. The black solid line shows the best fit to our data. The best-fit
parameters, associated scatter (o), and the Pearson correlation coefficient (p)
are given in the legend.

the disk is negligible compared to baryonic components.
Therefore, the local potential well of the disk is primarily set by
the local X, given that the surface molecular gas fraction
feas (defined as Xy, /(Xy, + X4)) in our sample is on the order
of 10% only. As a consequence, the gas follows the distribution
of stellar mass, leading to the Xy, — X, linear correlation. In
this scenario, the correlation between Xy, and X, might be
expected to break down at higher redshifts where gas masses
can exceed stellar masses (Isbell et al. 2018; Tacconi et al.
2018). Alternatively, if the dark matter dominates the mass
distributions, both stars and gas will respond to the same
gravity. In this case, the correlation between Xy, and X, is
caused by the underlying gravitational potential. Therefore, the
Y, —2x relation will still hold regardless of gas fraction.
Dynamical measurements and the studies of the Xy,
-, relation as a function of cosmic time will shed light on
the origin of the gas and stellar mass correlation.

Having established the MGMS, here we provide a plausible
explanation to the empirical rSFMS. If Xgpr o< Xp,” and 3y,

o Ei, one would expect Ygpr X Ei*b = Ei,ﬁ €. In our case, c is
measured to be 1.19, close to 1.16, the product of a (1.05) and
b (1.10). Among the three relations, the rSFMS has the largest
scatter (o = 0.25) and is close to the square root of the
quadratic sum of the scatters (o = 0.28) from the SK (0.19)
and MGMS (0.20) relations. Furthermore, the rSFR also has
the smallest Pearson correlation coefficient. All this suggests
that rfSFMS could be a natural consequence of the other two
relations. Finally, we note that our analyses presented are
restricted to the star-forming spaxels of MS galaxies. The
scaling relations of the retired spaxels and for galaxies deviated
from the MS will be further explored in future works (L. Lin
et al. 2019, in preparation).

5. Summary

Combining the ALMA '>CO(1 — 0) and MaNGA observa-
tions of 14 MS galaxies taken from the ALMaQUEST survey,
we investigate the relationships between the surface densities of
star formation rate, molecular gas, and stellar mass in star-
forming spaxels, aiming at understanding the origin of the
rSFMS. Our results can be summarized as follows.

1. The three quantities, Yspr, 2p,, and X, computed at kpc
scales, form a 3D linear (in log) relation with dispersion.

2. The 2D projections in each pair of these three parameters
show tight correlations: Xggr 2;;19 (the rSFMS),
Ysrr XXy, (the SK relation), and Yy, oc L'
(MGMS).

3. The power-law exponent (1.05) of the SK relation in our
sample is in good agreement with other recent studies at
kpc scales. We also investigate the extended SK law in
which a X, dependence is introduced, and we find no
significant improvement in the scatter of the relation.

4. The existence of an MGMS implies that either stellar
mass dominates the local gravitational potential of the
disks or both stars and gas follow the same spatial
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distributions in response to the gravity set by the
underlying total mass.

5. The scatter and correlation analyses suggest that the
rSFMS can be naturally explained by the combination of
the SK and MGMS relations.
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