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Abstract

We present Atacama Large Millimeter/submillimeter Array (ALMA) observations of two dense gas tracers, HCN
(1−0) and HCO+ (1-0) for three galaxies in the green valley and two galaxies on the star-forming main sequence
with comparable molecular gas fractions as traced by the CO (1−0) emissions, selected from the ALMaQUEST
survey. We investigate whether the deficit of molecular gas star formation efficiency (SFEmol) that leads to the low
specific star formation rate (sSFR) in these green valley galaxies is due to a lack of dense gas (characterized by the
dense gas fraction fdense) or the low star formation efficiency of dense gas (SFEdense). We find that SFEmol as traced
by the CO emissions, when considering both star-forming and retired spaxels together, is tightly correlated with
SFEdense and depends only weakly on fdense. The sSFR on kiloparsec scales is primarily driven by SFEmol and
SFEdense, followed by the dependence on fmol, and is least correlated with fdense or the dense-gas-to-stellar mass
ratio (Rdense). When compared with other works in the literature, we find that our green valley sample shows lower
global SFEmol and lower SFEdense while exhibiting similar dense gas fractions when compared to star-forming and
starburst galaxies. We conclude that the star formation of the three green valley galaxies with a normal abundance
of molecular gas is suppressed, mainly due to the reduced SFEdense rather than the lack of dense gas.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Green valley galaxies (683); Molecular
gas (1073)

1. Introduction

The link between molecular gas, which is the fuel of star
formation, and the rate of forming stars has been convention-
ally characterized using the Schmidt–Kennicutt (SK) relation
(Schmidt 1959; Kennicutt 1998). The SK relation connects the
star formation rate (SFR) surface density (ΣSFR) to the
molecular gas surface density (Σmol) as ΣSFR∝Σmol

n (or,
equivalently, Log ΣSFR= n× Log Σmol+ constant). The power
index n is found close to unity but varying between 0.7 and 1.4,
depending on the galaxy types (late versus early types, main-
sequence (MS) versus green valley (GV) versus starburst
galaxies, active galactic nucleus (AGN) versus non-AGN hosts;
e.g., Colombo et al. 2018; Sánchez et al. 2018; Kennicutt & De
Los Reyes 2021; Lin et al. 2022; Baker et al. 2023), physical
scales (Lin et al. 2019b; Ellison et al. 2021a; Pessa et al. 2021;
Baker et al. 2022), galactic environments (Pessa et al. 2022),

large-scale environments (Jiménez-Donaire et al. 2023), local
conditions of star formation (star-forming versus retired
regions; Ellison et al. 2021b; Lin et al. 2022), and gas tracers
(Wong & Blitz 2002; Gao & Solomon 2004; Bigiel et al.
2008).
Among those investigations, the exploration of the molecular

gas abundance and its properties at (sub)kiloparsec scales across
different galaxy populations has received significant attention
owing to the emergence of extensive large optical integral field
unit (IFU) surveys and spatial-resolution-matched observations
facilitated by the Atacama Large Millimeter/submillimeter
Array (ALMA). Recent studies on kiloparsec scales reveal that
the star formation efficiency (SFE; SFEmol=ΣSFR/Σmol)
measured on kiloparsec scales depends on global galaxy
properties, such as the global specific SFR (sSFR; Schruba
et al. 2011; Leroy et al. 2013; Colombo et al. 2018; Utomo et al.
2018; Lin et al. 2019b; Brownson et al. 2020; Sun et al. 2020;
Ellison et al. 2021a; Lin et al. 2022; Baker et al. 2023). For
example, based on CO (1–0) observations from the ALMA-
MaNGA QUEnching and STar formation (ALMaQUEST; Lin
et al. 2020) survey, Lin et al. (2022) found that GV galaxies not
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only show lower molecular gas fractions ( fmol), defined as the
ratio of the molecular gas surface density to the stellar mass
surface density (Σmol/Σ*), but also depart from the MS galaxies
in the resolved SK (rSK) relation toward a lower value of
ΣSFR at a given Σmol (see also Lin et al. 2017; Brownson et al.
2020; Ellison et al. 2021a). In other words, GV galaxies exhibit
lower local SFE compared to the galaxies located on the star-
forming MS, similar to the findings based on global studies (e.g.,
Saintonge et al. 2017). However, the physical process that
controls SFE remains unclear.

While the CO emission lines, in particular the low-J
transition such as CO (1–0), are commonly used as the
standard tracer of the bulk of molecular gas, the critical density
of the CO (1–0) emission line is on the order of ∼103 cm−3 and
therefore traces not only dense but also diffuse gas that is not
necessarily capable of forming stars. On the other hand, HCN
and HCO+ have a greater critical density (>104 cm−3) and are
suggested to better correlate with the SFR of galaxies (Gao &
Solomon 2004; García-Burillo et al. 2012; Usero et al. 2015;
Jiménez-Donaire et al. 2019; Neumann et al. 2023). The
molecular gas SFEmol can be written as

( )

=
= ´
= ´

SFE SFR M
SFR M M M
SFE f , 1

mol mol

dense dense mol

dense dense

where Mmol and Mdense are the total molecular gas mass and
dense molecular gas mass, respectively, SFEdense is the dense
gas SFE, and fdense refers to the dense-gas-to-molecular-gas
ratio, i.e., the dense gas fraction. Therefore, it leaves two
possible explanations for the lower SFEmol of GV galaxies
relative to that of MS galaxies. The low SFEmol of GV galaxies
can be attributed to either lower SFEdense or lower fdense than
that in MS galaxies. Since dense gas is normally more spatially
concentrated than both the CO (1–0) and the stellar
components (Jiang et al. 2020), using the global HCN/CO
ratio does not properly capture the variations in gas-phase
quantities. Spatially resolved observations are therefore critical
for assessing star formation tracers, CO, and HCN (and HCO+)
on well-matched scales.

A number of previous works have investigated the role of
dense gas in star formation on spatially resolved scales. For
example, Longmore et al. (2013) found that SFEdense in the
Galactic center of our own Milky Way is significantly lower
than in the rest of the disk. Detailed studies of individual
nearby galaxies revealed that SFE can also depend on the
dynamical environments of galaxies (e.g., Querejeta et al.
2019; Sánchez-García et al. 2022). In addition to these case
studies, dense gas observations over a statistical sample allow
for quantitative characterization of the dependence of
SFEdense on various properties. The EMIR Multiline Probe of
the ISM Regulating Galaxy Evolution (EMPIRE; PI: F. Bigiel;
Jiménez-Donaire et al. 2019) survey observed nine nearby disk
galaxies with HCN (1–0), HCO+ (1–0), and HNC (1–0) lines.
The MALATANG (Mapping the dense molecular gas in the
strongest star-forming galaxies; Tan et al. 2018; Jiang et al.
2020) survey mapped the HCN (4–3) and HCO+ (4–3) line
emissions in 23 of the nearest, IR-brightest galaxies with the
James Clerk Maxwell Telescope. Based on the study of IR-to-
HCN measurements of 29 disk galaxies, Usero et al. (2015)
found that the inferred SFEdense shows a strong dependence on
the location in a disk assuming a fixed conversion factor. The

ACA Large-sample Mapping Of Nearby galaxies in Dense gas
(ALMOND; Neumann et al. 2023) studied the dependence of
kiloparsec-scale (2.1 kpc) HCN/CO and SFR/HCN ratios on
various structural and dynamical properties of the cloud-scale
(150 pc) molecular gas across 25 nearby galaxies. Never-
theless, existing surveys predominantly concentrate on star-
forming and IR-bright sources, and spatially resolved dense gas
observations for objects with depleted star formation remain
scarce. Most recently, French et al. (2023) reported dense gas
HCN (1–0), HCO+ (1–0), and HNC (1–0) observations for six
post-starburst (PSB) galaxies and found that most PSB galaxies
have low HCN/CO and HCO+/CO line ratios (<0.04),
suggesting that the low SFR of the PSB population is likely
due to the lack of dense gas.
In this work, we obtain ALMA observations for HCN and

HCO+ emissions as dense tracers with the spatial resolution
matched to the existing CO (1–0) observations for three GV
and two MS galaxies selected from the ALMaQUEST survey
(Lin et al. 2020). We focus on distinguishing the effects
between fdense and SFEdense on driving SFEmol. As the HCN
and HCO+ emissions are in general fainter than CO by more
than an order of magnitude, we start with the CO-bright sample
for both GV and MS targets, allowing us to obtain a possible
HCN and HCO+ detection within a reasonable amount of
ALMA integration time. The sample is thus biased toward
galaxies that are not deficient in molecular gas. However, this
sample still offers opportunities to investigate the central
question we attempt to answer: Is the SFEmol primarily
regulated by the fraction of molecular gas in the dense phase
( fdense) or SFEdense? Across this paper, the subscript “mol” is
adopted to refer to the molecular gas quantities obtained from
CO (1–0) observations, whereas the subscript “dense” is used
to refer to the dense gas quantities based on HCN (1–0) or
HCO+ (1–0) observations.
In Section 2, we describe the sample selections and the

observational data used in this work. In Section 3, we present
the resolved relation between SFR surface density and dense
gas mass surface density (the dense gas version of the SK
relation) and investigate the dependence of SFEmol on SFEdense

and the dense-gas-to-molecular-gas ratio ( fdense). In Section 4,
we discuss issues affecting the interpretation of this work.
Conclusions are given in Section 5.
Throughout this paper we adopt the following cosmology:

H0= 70 km s−1 Mpc−1, Ωm= 0.3, and ΩΛ= 0.7. We use a
Salpeter initial mass function (IMF).

2. Sample and Observations

In this work, we study five galaxies selected from the
ALMaQUEST sample (Lin et al. 2020), which observed 46
galaxies with ALMA CO (1–0), chosen from the Mapping
Nearby Galaxies at Apache Point Observatory (MaNGA;
Bundy et al. 2015) survey. Details on the CO (1–0) data
reduction and properties are described in the main survey paper
(Lin et al. 2020), and the global properties of the molecular gas
in ALMaQUEST GV galaxies are presented in Lin et al.
(2022). Table 1 lists the general information of the five targets
analyzed in this work. Dense gas observations in HCN (1–0)
(rest frame 88.631 GHz) and HCO+ (1–0) (rest frame 89.189
GHz) of the five ALMaQUEST galaxies were carried out with
ALMA in Cycle 7 on 2019 using the Band 3 receiver and C43-
2 configuration (project code: 2019.1.01178.S; PI: Lihwai Lin).
The synthesized beam FWHM is ∼2 5, which is matched to
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the MaNGA and CO (1–0) spatial resolutions, corresponding to
1.2–1.5 kpc for the five galaxies presented in this work. While
the resolution is not sufficient to resolve the giant molecular
clouds, which are typically several tens of parsecs, the
observations offer investigations at scales that bridge the
global to the local properties. For the remainder of the paper,
we refer to CO (1–0), HCN (1–0), and HCO+ (1–0) emissions
as CO, HCN, and HCO+, respectively.

In Figure 1, we display the global properties of the five
targets (yellow stars) selected for the dense gas observations
with respect to the remaining 41 ALMaQUEST galaxies (blue
symbols). The left panel shows the distribution of galaxies on
the integrated (global) sSFR versus stellar mass (M*) plane
using measurements taken from the Pipe3D (Sánchez et al.
2016b; Sánchez et al. 2016a) value-added catalog (Sánchez
et al. 2018) in the Sloan Digital Sky Survey (SDSS) DR15
release (Aguado et al. 2019). The global fmol versus SFEmol are
displayed in the right panel. We target three GV galaxies with
normal fmol but low SFEmol based on the CO measurements.
We also observed HCN and HCO+ for two MS galaxies, with
predicted HCN and HCO+ brightest among those with similar
fmol. While fmol of the three GV galaxies is comparable to that

of the two MS galaxies, their SFEmol is suppressed by a factor
of ∼10, making their sSFRs among the lowest ones in our
sample. This setup allows us to assess the difference in the
dense gas abundance relative to the molecular gas, traced by
the HCN/CO and HCO+/CO ratios, between the MS and GV
samples.
Our spectral setup includes one line targeting HCN and three

low-resolution spectral windows for checking the continuum.
The target-line window has a bandwidth of ∼930 MHz
(3200 km s−1), with a native channel width of ∼2 km s−1, and
is sufficiently wide to also include the line of HCO+. The data
were processed by the standard pipeline in the Common
Astronomy Software Applications package (CASA version 5.6;
McMullin et al. 2007). The systematic flux uncertainty
associated with the calibration is typically 5%–10% in Band
3 (see ALMA Proposer’s Guide).
The task tclean was employed for deconvolution with a

robust= 0.5 weighting (Briggs). We adopted a user-specified
image center, pixel size (0 5), and restoring beam size (2 5) to
match the image grid and the spatial resolution of the MaNGA
images. The restoring beam size is similar to that of the native
beam size reported by the tclean task (2 7× 2 4). The HCN and

Table 1
Global Properties of HCN and HCO+ Targets

Plate-IFU Galaxy Type R.A. Decl. MaNGA Redshift log10(M*/Me)
(a) log10( ) -M

SFR

yr 1
(b)

(deg) (deg)

7815–12705 MS 318.990448 9.543076 0.029550 10.83 0.42
8081–9101 MS 332.798737 11.800733 0.028460 10.60 0.32
8081–12703 GV 331.122894 12.442626 0.025583 10.34 −0.79
8083–6101 GV 332.892853 11.795929 0.026766 10.30 −0.88
8950–12705 GV 42.032784 −0.752316 0.025277 10.53 −0.41

Note. Values in (a) and (b) are taken from the value-added catalog (Sánchez et al. 2018) in the SDSS DR15 release (Aguado et al. 2019).

Figure 1. Left panel: the global sSFR vs. stellar mass (M*) of 4656 MaNGA galaxies (black circles) from the Pipe3D (Sánchez et al. 2016b; Sánchez et al. 2016a)
value-added catalog (Sánchez et al. 2018) in the SDSS DR15 release (Aguado et al. 2019). The yellow stars denote the five ALMaQUEST galaxies for which we
observed in ALMA HCN/HCO+ used in this work. The remaining 41 ALMaQUEST galaxies are shown with blue triangles. The red lines denote the dividing line
defining the MS and GV subsamples. Our HCN (and HCO+) targets are among those with the lowest sSFR rate in the ALMaQUEST GV sample. Right panel: the
molecular gas SFE (SFEmol) vs. molecular gas fraction ( fmol) computed within 1.5Re using CO for the ALMaQUEST MS and GV subsamples (Lin et al. 2022). The
green and blue shaded areas denote the regions that occupy the MS and GV galaxies, respectively, and the color division corresponds to the red dividing line
(Log10sSFR = −10.5) in the left panel. The colored symbols are the same as those in the left panel. The three GV targets with HCN observations have similar CO-
based gas fractions but much lower SFE compared to the MS targets.
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HCO+ lines were imaged separately. To increase the signal-to-
noise ratio (S/N), the spectral channels are binned to
30–50 km s−1, varying from galaxy to galaxy. The rms noise
of the spectral line datacubes ranges from ∼0.087 to
0.152 mJy beam−1.

The integrated intensity maps of HCN and HCO+were
constructed using the task IMMOMENTS in CASA. The
integrated intensity maps were created by integrating emission
from a velocity range set by hand to match the observed line
profile without any clipping in the signal. Figure 2 displays the
maps of various emission lines, including CO, HCN, and
HCO+. As can be seen, the two lines are detected in all five of
our targets. We compute the total intensities of CO, HCN, and

HCO+ by summing up all the spaxel values within a 1.5
effective radius (1.5Re) provided in the Pipe3D catalog. The
total intensity and luminosity of the five objects considered in
this work are listed in Table 2. The global HCN-to-CO and
HCO+-to-CO flux ratios are measured to be 0.02–0.05 and
0.03–0.05, respectively, broadly consistent with the global
values found in previous works (e.g., Usero et al. 2015;
Jiménez-Donaire et al. 2019). In Figure 3, we show the ALMA
spectra centered on the position of the HCN and HCO+ lines
using the systematic velocity taken from the NASA Sloan Atlas
(NSA) redshift,16 integrated over the region enclosed by 1.5Re.

Figure 2. ALMA observations for five ALMaQUEST galaxies used in this work. The top two rows are for MS galaxies, and the bottom three rows are for GV
galaxies. From left to right: SDSS gri composite images, 12CO (1–0) intensity (Jy km s−1 per beam), HCN (1–0) intensity (Jy km s−1 per beam), and HCO+ (1–0)
intensity (Jy km s−1 per beam) maps. The back contours denote regions with S/N = (2,4,6,8,10) for HCN and HCO+ and regions with S/N = (10,20,30,40,50) for
CO observations. The white circle in the lower left corner of each gas map illustrates the restoring beam size. The magenta hexagons denote the MaNGA footprints.

16 https://www.sdss4.org/dr17/manga/manga-target-selection/nsa/

4

The Astrophysical Journal, 963:115 (16pp), 2024 March 10 Lin et al.

https://www.sdss4.org/dr17/manga/manga-target-selection/nsa/


The CO spectra from the previous program (Lin et al. 2020) are
also overplotted for comparison.

In this work, the molecular gas mass surface density, Σmol, is
computed from the CO luminosity by adopting a constant
conversion factor (αCO) of 4.35 Me (Kkm s−1 pc2)−1 (e.g.,
Bolatto et al. 2013), which includes contributions from molecular
hydrogen, helium, and heavier elements. Similarly, we convert
the HCN and HCO+ luminosity into the dense gas mass by
adopting the conversion factor aHCN = 10Me(Kkm s−1 pc2)−1

and a +HCO = 10 Me (Kkm s−1 pc2)−1 following the suggestions
given by Gao & Solomon (2004). While αCO are found to vary
from galaxy to galaxy and even within galaxies, and various

prescriptions have been proposed to predict αCO (e.g., Wolfire
et al. 2010; Feldmann et al. 2012; Bolatto et al. 2013; Accurso
et al. 2017; Sun et al. 2020; Chiang et al. 2021; Teng et al. 2023),
the parameterization of the conversion factors of dense gas (aHCN
and a +HCO ) at kiloparsec scales, which potentially can depend on
the metallicity, remains relatively unexplored. As a result, for the
purposes of this study and for making a comparison with other
works in the literature, we have chosen to utilize fixed conversion
factors. It is noteworthy that the spaxel-based metallicities,
computed using the O3N2 diagnostic (Pettini & Pagel 2004;
Kewley & Ellison 2008), exhibit median values ranging from
8.69 to 8.76 for each galaxy. The difference is within 0.07 dex of
solar metallicity, making a fixed conversion factor for all five
galaxies a fair assumption.
The MaNGA datacubes utilized in this work are taken from

the MaNGA DR15 PIPE3D (Sánchez et al. 2016b; Sánchez
et al. 2016a) value-added products (Sánchez et al. 2018), which
contain both global properties of MaNGA galaxies and the
spaxel-based measurements of Σ* and emission-line fluxes. We
apply the correction of dust extinction to emission-line
measurements using the Balmer decrement computed on a
spaxel basis assuming an intrinsic Hα/Hβ= 2.86 and a Milky
Way extinction curve with Rv= 3.1 (Cardelli et al. 1989). The
extinction-corrected Hα flux is then converted to the SFR
following the prescription given by Kennicutt (1998) with a
Salpeter IMF. To compute Σ* and ΣSFR, we normalize the
stellar mass and SFR derived for each spaxel to the physical
area of one spaxel corrected for inclination taken from NSA.
As discussed in Lin et al. (2022), there can be mixed
contributions from both the newly formed stars and old stellar
populations to the Hα emission, where the former dominate in
the star-forming spaxels whereas the latter dominate in the
retired spaxels (e.g., Stasińska et al. 2008; Singh et al. 2013;
Smirnova-Pinchukova et al. 2022). Following Lin et al. (2022),
we assume that the Hα emission in the star-forming spaxels is
purely from active star formation. On the other hand, since the
Hα emission in the retired regions is mostly powered by
evolved stars rather than new star formation, the SFR estimated
using the Hα-to-SFR conversion serves only as an upper limit
for retired spaxels (Sarzi et al. 2010; Yan & Blanton 2012;
Singh et al. 2013; Belfiore et al. 2017; Hsieh et al. 2017; Cano-
Díaz et al. 2019; Ellison et al. 2021b).
We limit our analyses to spaxels having S/N> 3 for strong

emission lines, i.e., Hα and Hβ lines; S/N > 2 for weak lines,
such as the [O III] and [N II] lines; and S/N> 2.5 for CO,

Table 2
Global Properties of HCN and HCO+ Targets Enclosed by 1.5Re

Plate-IFU ⎛
⎝

⎞
⎠ -log

M10
SFR

yr 1
a sHCN

b s +HCO
b ICO

c IHCN
c +I HCO

c log10(LCO/Le)
d ( ) L Llog10 HCN

d ( ) +L Llog10 HCO
d

(Jy beam−1 km s−1) (Jy beam−1 km s−1) (Jy km s−1) (Jy km s−1) (Jy km s−1)

7815–12705 0.47 0.0148 0.0154 32.27729 0.74242 0.85672 8.75 7.34 7.40
8081–9101 0.24 0.0224 0.0174 18.95202 0.54407 0.51363 8.65 7.34 7.31
8081–12703 −1.23 0.0135 0.0167 7.75231 0.23821 0.15411 7.84 6.55 6.36
8083–6101 −1.12 0.0139 0.0112 17.38613 0.55128 0.42021 8.25 6.98 6.86
8950–12705 −1.10 0.0227 0.0201 24.11672 0.30664 0.75681 8.04 6.37 6.76

Notes.
a The total SFR converted from Hα emissions integrated over 1.5Re.
b The 1σ sensitivity of the integrated ALMA intensity maps, calculated using the spectral window shown as the shaded areas in Figure 3.
c The total line intensity integrated over 1.5Re.
d The total line luminosity integrated over 1.5Re.

Figure 3. Integrated spectra over the area enclosed by 1.5Re with a binned
spectral resolution ranging from 30 to 50 km s−1 for the five targets presented
in this work. The MaNGA plate-IFU identifier is given above each panel. The
blue and red shaded areas represent the region of the spectrum used for
computing the HCN and HCO+ line fluxes, respectively. For comparison, the
CO spectra binned at a spectral resolution of 11 km s−1 are overplotted, and
the CO fluxes have been adjusted by applying a scaling factor to fit the figure.

5

The Astrophysical Journal, 963:115 (16pp), 2024 March 10 Lin et al.



HCN, and HCO+ lines. The choice of the S/N threshold is
made by balancing the uncertainty and the number of spaxels.
The trends presented in this work are found to be stable against
the lower limits of the S/N cut. On the other hand, it is worth
noting that the upper limit of the S/N does have an impact on
the comparison of the correlation coefficients between different
gas tracers when investigating the SK relations presented in
Section 3.1. We will return to this point in Section 4.1.

Similar to the methodology we adopted in Lin et al. (2022), we
first classify each spaxel into regions where the dominant ionizing
source is star formation, composite, or AGN using the BPT
(Baldwin et al. 1981) diagnostic based on the [O III]/Hβ versus
[N II]/Hα line ratios (Kewley et al. 2001, 2006). We then identify
star-forming spaxels to be those satisfying both BPT-classified
star-forming criteria and the Hα equivalent width (EW) > 6Å cut
(e.g., Cid Fernandes et al. 2011). The retired spaxels are selected to
be those having HαEW < 3Å and S/N > 3 in Hα (see also
Ellison et al. 2021b). The remaining spaxels are categorized as
“other” spaxels. These could be either star-forming spaxels, but
with very low HαEW, composite regions, or non-star-forming
regions. As we will see later, the behaviors of these “other” spaxels
are similar to the retired spaxels, indicating that they are
predominantly regions with suppressed star formation.

3. Results

3.1. Dense Gas Schmidt–Kennicutt Relation

We begin by showing the resolved molecular gas SK
relation, i.e., the SFR surface density versus the molecular gas
surface density, for the two MS (upper two rows) and three GV
(lower three rows) galaxies separately in Figure 4. The gas
masses converted based on CO, HCN, and HCO+ luminosities
are shown from the left to the right panels. Each circle on the
plot represents measurements for an individual spaxel. The blue
symbols represent spaxels classified as star-forming, the red
points denote spaxels classified as retired, and the gray points
come from the remaining spaxels. It can be seen that (as
expected) the two MS galaxies are dominated by the star-
forming spaxels, whereas the three GV galaxies primarily
consist of retired and “other” spaxels.

The Pearson correlation coefficients (r) are computed using all
types of spaxels and are displayed in each panel. For the MS
galaxy 7815–12705, ΣSFR is found to correlate with all three gas
tracers (CO, HCN, and HCO+), although the correlation for
HCO+ is only moderate (r= 0.5). Similar behavior is also seen
for the other MS galaxy 8081–9101. However, in this case the
correlation for HCN is weaker compared to either CO or HCO+,
likely affected by the narrow dynamical range in the Σdense. The
correlation coefficients in the CO-based SK relation are in general
greater for MS galaxies than for GV galaxies. This trend is,
however, less obvious for HCN- or HCO+-based SK relations.

To guide our eyes when comparing objects to objects and
spaxel types to spaxel types, we fit the star-forming spaxels of
the MS galaxy 7815–12705 with the orthogonal distance
regression (ODR) fitting method for the three gas tracers
separately. The best fits of the object 7815–12705 are shown in
black as a reference line in the panels of the other objects as
well. The distribution for the retired and other spaxels shows a
large scatter and lies toward a lower ΣSFR at a given gas surface
density when compared to star-forming spaxels regardless of
the gas tracer. It is also apparent that, even for the star-forming
spaxels, ΣSFR in GV galaxies are systematically lower than

those in MS galaxies at a given gas surface density. This is in
line with the finding that GV galaxies deviate from the scaling
relations formed by MS galaxies not only for retired spaxels but
also for star-forming spaxels (Lin et al. 2019b; Brownson et al.
2020; Lin et al. 2022).
Figure 5 is similar to Figure 4, but now we show the spaxel

distributions by combining all five galaxies together. In the top
panel, the data points are color-coded by their spaxel types
(blue: star-forming; red: retired; gray: others). For comparison,
we also plot the EMPIRE sample (magenta points), which
consists of nine galaxies with resolved measurements
(∼1–2 kpc scale resolution) from Jiménez-Donaire et al.
(2019). We see that the CO-based SK relation for ALMa-
QUEST star-forming spaxels is in good agreement with the
EMPIRE data points (top left panel). On the other hand, the
ALMaQUEST HCN (top middle panel) and HCO+ (top left
panel) SK relations of the star-forming spaxels are offset from
those of the EMPIRE sample toward a lower value of ΣSFR at a
given gas mass surface density. It is worth mentioning that the
SFR from the EMPIRE sample is based on the total infrared
luminosity, whereas our sample is converted from the
extinction-corrected Hα luminosity. However, the difference
in the SFR tracers does not seem to be responsible for the
systematic difference seen in the dense gas SK relation between
our samples since there is a good agreement in the CO-based
SK relation. We note that there are in fact significant galaxy-to-
galaxy variations even within the EMPIRE sample itself
(Jiménez-Donaire et al. 2019), and the ALMaQUEST star-
forming spaxels overlap with some of the EMPIRE data points.
This suggests that the difference can be intrinsic rather than
systematic in the ΣSFR measurements. There are several other
speculations that might explain the offset in dense gas SK
relation and hence SFEdense between EMPIRE star-forming
galaxies and the MS targets in this study. These include the
potential variations of aHCN and/or a +HCO (in which case the
dense gas conversion factors are overestimated when adopting
fixed values), intrinsic differences in SFEdense within the star-
forming MS galaxies, and calibration issues. Given that much
less is known about the dense gas conversion factors in any
kind of extragalactic system, we cannot be certain that the fixed
conversion factors hold for the galaxies in this study or even for
EMPIRE. Nevertheless, in the case in which the SK relation of
our MS sample is not representative, unlike EMPIRE galaxies,
the offset in SFEdense at a given Σdense between typical star-
forming galaxies (as inferred by EMPIRE) and the GV galaxies
is even larger than what we conclude in this work.
Within the ALMaQUEST sample, it is clear that the star-

forming and retired spaxels occupy distinct parameter spaces
with each other. The non-star-forming (retired plus other)
regions do not follow the same scaling relation as the star-
forming spaxels and possess lower SFE. While this feature is
already known when adopting the CO tracer from earlier works
(e.g., Lin et al. 2022), the fact that the same trend also exhibits
for the dense gas tracers is not fully expected. The deviation
from the dense gas SK relation basically suggests that the level
of star formation activities is not entirely regulated by the
amount of available dense gas. Other physical conditions also
play roles in determining whether the dense gas is able to form
stars or not. Several earlier studies (Gao & Solomon 2004; Wu
et al. 2005; Lada et al. 2010) proposed a linear correlation
between HCN and SFR, indicating a fixed value of SFEdense,
spanning scales from clouds to galaxies. However, more recent
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investigations have revealed significant variations in the
SFEdense, across diverse galactic environments and cloud
properties (e.g., Longmore et al. 2013; Usero et al. 2015;
Jiménez-Donaire et al. 2019; Querejeta et al. 2019; Sánchez-
García et al. 2022; Neumann et al. 2023). Our findings align
with this notion, demonstrating that SFEdense is not a constant
and varies with the spaxel type.

In the bottom panels of Figure 5, we color-code the spaxels
by the types of their host galaxies (blue: MS; green: GV). As
expected, MG and GV occupy distinct parameter spaces in
this diagram since MS galaxies are dominated by star-
forming spaxels while GV galaxies comprise primarily the
non-star-forming spaxels. Therefore, we conclude that the
three GV galaxies have distinct SFEmol and SFEdense from the

Figure 4. The rSK relation (i.e., SFR surface density vs. gas mass surface density) using various gas tracers. From left to right: CO, HCN, and HCO+. The top two
rows are for MS galaxies, and the bottom three rows are for GV galaxies. Each data point represents the measurement from individual spaxels. The sharp edges of the
data points in the low end of gas mass surface density correspond to the 2.5σ detection limits. The star-forming spaxels, retired spaxels, and remaining spaxels are
shown by blue, red, and gray symbols, respectively. At a given gas tracer, the black line represents the best fit of the star-forming spaxels of the MS galaxy
7815–12705 and is the same for all other panels corresponding to a particular gas tracer to guide the eyes. The values of the Pearson (r) correlation coefficients and
p-values computed using all spaxels are reported in each panel.
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two MS galaxies despite that they have similar fmol by
selection.

3.2. Is the Molecular Gas SFE Dependent on the Dense Gas
Fraction?

Equation (1) suggests that the overall molecular gas SFE
(SFEmol) could depend on two things, the dense-gas-to-
molecular-gas ratio ( fdense) and the dense gas SFE (SFEdense).
We first investigate whether SFEmol is primarily driven by
fdense or not. If the answer is “yes,” we should expect a positive
correlation between SFEmol and fdense.

The top panels of Figure 6 show SFEmol against fdense,
computed using the HCN (left panel) and HCO+ (right panel).
There is a weak correlation between the x- and y-axes for the
star-forming spaxels, indicating that SFEmol is mildly connected
to the dense gas fraction in star-forming regions. Turning next to
the non-star-forming regions, we see that these spaxels have
lower SFEmol than the star-forming spaxels as expected based on
the work of Lin et al. (2022). However, it is notable that, despite
their very different SFEmol, the two types of spaxels (star-
forming versus non-star-forming) share a similar range of fdense.
This implies that the low SFEmol that leads to quenching in non-
star-forming regions is not due to the lack of dense gas.

Figure 5. The rSK relation (i.e., SFR surface density vs. gas mass surface density) using various gas tracers, with all galaxies plotted together. The sharp edges of the
data points in the low end of gas mass surface density correspond to the 2.5σ detection limits. From left to right: CO, HCN, and HCO+. The magenta line represents
the best fit from the EMPIRE sample (Jiménez-Donaire et al. 2019) for comparison. Top panels: the star-forming spaxels, retired spaxels, and the remaining spaxels
are shown by blue, red, and gray symbols,respectively. Bottom panels: the spaxels located in the MS and GV galaxies are shown by blue and green symbols,
respectively. The scatters of the star-forming spaxels relative to the fit are labeled in the lower right corner of each panel. In all panels, the Pearson correlation
coefficients (r) and p-values are computed using star-forming spaxels belonging to MS galaxies only.
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In the bottom panels of Figure 6, spaxels are color-coded
based on the types of galaxies they belong to: the MS (blue
points) and GV (green points) galaxies. We also plot the
histograms of fdense for the two types of galaxies. As mentioned
earlier, the majority of spaxels in MS galaxies correspond to
star-forming regions, while those in GV galaxies are pre-
dominantly non-star-forming spaxels. As a result, it is evident
from the plot that while the spaxels in MS and GV galaxies
exhibit distinct distributions in terms of SFEmol, they
demonstrate similar distributions of fdense, emphasizing that
fdense does not play a significant role in determining the
difference in SFEmol between MS and GV galaxies. This
phenomenon is similar to what has been found in some gas-rich
early-type galaxies (ETGs; Crocker et al. 2012) and a certain
fraction of PSB galaxies (French et al. 2023). We will return to
this issue in Section 4.2.

3.3. Is the Molecular Gas SFE Dependent on the Dense
Gas SFE?

In the previous subsection, we found that there was only a
weak correlation between SFEmol and fdense. We therefore
suggested that a similar range of dense gas fractions between
star-forming and non-star-forming spaxels supports differences

in dense gas SFE as the primary quenching mechanism. In this
subsection, we test this hypothesis directly.
In the top panels of Figure 7, we show the molecular-gas-

based SFE as a function of the dense-gas-based SFE (left:
HCN; right: HCO+). It is obvious that there is a strong
dependence of SFEmol on SFEdense, as indicated by the high
correlation coefficients (0.93–0.95) even when all types of
spaxels are considered together, regardless of whether they are
star-forming spaxels or not. The ODR best fits for star-forming
spaxels are shown with blue lines as a reference. Interestingly,
it can be seen that the non-star-forming spaxels also follow a
similar trend to the one that is formed by the star-forming
spaxels, unlike the bimodal distribution on the SFEmol and
fdense plane between the star-forming and non-star-forming
spaxels as seen in Figure 6.
In the bottom panels of Figure 7, we present similar plots,

but this time we color-code the spaxels according to their host
galaxies: blue for MS galaxies and green for GV galaxies. It
can be seen that the GV spaxels extend the distribution of MS
spaxels toward lower values of SFEmol and SFEdense. This again
reflects the fact that GVs in our sample are dominated by non-
star-forming spaxels in contrast to MS galaxies, which consist
primarily of star-forming spaxels.
One caveat of the correlation analysis when discussing the

relative importance between fdense and SFEdense in determining
SFEmol is that SFEmol and fdense share the same
denominator (i.e.,Σmol) while SFEdense and SFEmol share the
same nominator (i.e., ΣSFR), which can lead to artificial
correlations in both cases. To test this effect, we generate

Figure 6. The molecular-gas-based SFEmol against the dense-gas-to-molecular-
gas mass ratio using HCN (left panel) and the dense-gas-to-molecular-gas mass
ratio using HCO+ (right panel). The Pearson correlation coefficients (r) and p-
values computed using all spaxels are reported in each panel. Top panels: the
star-forming, retired, and remaining spaxels are shown in blue, red, and gray,
respectively. Bottom panels: spaxels in MS and GV galaxies are shown in blue
and green, respectively. Histograms of fdense for both MS and GV galaxies are
presented in the upper x-axes.

Figure 7. The molecular-gas-based SFE (SFEmol) against the dense-gas-based
SFE (SFEdense) that are measured using HCN (left panel) and HCO+ (right
panel). The Pearson correlation coefficients (r) and p-values computed using all
spaxels are reported in each panel. Top panels: the star-forming, retired, and
remaining spaxels are shown in blue, red, and gray, respectively. The blue line
represents the best fit of the star-forming spaxels from all five objects. The
scatters of the star-forming spaxels relative to the fit are labeled in the lower
right corner of each panel. Bottom panels: spaxels in the MS and GV galaxies
are color-coded by blue and green, respectively.
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synthesized data sets by shuffling Σmol and Σdense and repeat the
correlation analysis in Section 3.2 on the SFEmol versus
fdense relation. The procedure is then repeated 500 times. The
median Pearson correlation coefficient r from 500 trials is
increased to r= 0.36 and r= 0.34 using the synthesized data for
HCN and HCO+, respectively, which are slightly greater than the
correlation of the real data sets (r= 0.1–0.3). We can therefore
robustly conclude that there is no apparent dependence on fdense.

Similarly, we test this effect on the SFEmol and
SFEdense relation by shuffling both Σmol and ΣSFR. This time,
the median correlation coefficients from 500 trials are already
found to be high, ∼0.87 and 0.85 for the case of HCN and
HCO+, respectively, only slightly lower than the correlations
when using the real physical data set (r= 0.93 for HCN and
0.95 for HCO+), making it difficult to interpret the results. As
the artificial correlation arises as a result of the stretch of the
common nominator (ΣSFR in this case), they are sensitive to the
dynamical range in ΣSFR. We therefore conduct another
experiment, by only selecting data points in the central half
of the ΣSFR range, specifically −3 <Log10ΣSFR<−1.5, to
mitigate this effect. In this case, the correlations for the real
data sets are 0.85 (HCN) and 0.84 (HCO+), and those for the
synthesized data sets are 0.70 (HCN) and 0.65 (HCO+). The
difference becomes more apparent in this subset of the sample.
While it remains difficult to quantify the intrinsic correlations,
the central point is that the correlation between SFEmol and
SFEdense is stronger when using the real physical data set than
in the synthesized data, in contrast to the worse correlation
between SFEmol and fdense in the real data sets than that in the
synthesized data. This hints that the dependence of SFEmol on
SFEdense has more physical connection than on fdense in a
relative sense. Therefore, the low SFEdense is more likely the
primary driver of the low SFEmol in GV galaxies.

3.4. sSFR versus SFE with Different Tracers

Having discussed the relative importance between fgas and
SFEdense in determining SFEmol, we now turn to one of the

central questions of this work, which is to identify the major
mechanism that is responsible for lowering the sSFR in
galaxies. Recalling that sSFR is the product of SFE and fgas,
i.e., sSFR= fgas×SFE, in which fgas and SFE could be
expressed using either the overall molecular gas or the dense
molecular gas. It is possible to differentiate the contributions
between the gas abundance and SFE on kiloparsec scales by
investigating the dependence of sSFR on fgas and SFE, similar
to what has been done using global measurements (Lin et al.
2020; Colombo et al. 2020; Dou et al. 2021) Here we express
the sSFR as follows:

( )

=S S
= S S ´ S S
= ´

sSFR

SFE R , 2

SFR

SFR dense dense

dense dense

*
*

where Rdense is the ratio of the dense gas mass to the stellar
mass. This should not be confused with the dense gas fraction
( fdense) defined previously, which refers to the dense-gas-to-
molecular-gas mass ratio.
We first look at the dependence of sSFR on SFE using various

tracers, including CO (1–0), HCN, and HCO+. Again in the
well-accepted scenario that the stars are formed within the dense
molecular clouds, we shall expect a tighter link between sSFR
and HCN- or HCO+-based SFE than that between sSFR and
CO-based SFE. Figure 8 plots the relations of sSFR against the
SFE defined with various tracers (CO, HCN, and HCO+). We
see that in every case there is a strong correlation between sSFR
and SFE, regardless of the tracers being used. The correlation
coefficients are comparable between the CO-based SFE and the
HCN-based (or HCO+-based) SFE. Another interesting feature
is that the non-star-forming spaxels also follow the same trend as
the one formed by the star-forming spaxels, suggesting that SFE
plays a key role in determining sSFR across the whole range of
star formation levels from active to quiescent phases.
On the other hand, the correlation between sSFR and the

gas-to-stellar mass ratio is much weaker (see Figure 9)

Figure 8. The sSFR against the molecular-gas-based SFE measured using CO (left panel), dense-gas-based SFE measured using HCN (middle panel), and dense-gas-
based SFE measured using HCO+ (right panel). The star-forming, retired, and remaining spaxels are shown in blue, red, and gray, respectively. The blue line
represents the best fit of the star-forming spaxels from all objects. The Pearson correlation coefficients (r) and p-values computed using all spaxels are reported in each
panel.
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compared to the relation between sSFR and SFE reported in
Figure 8. When we consider all types of spaxels together
(including star-forming and non-star-forming spaxels), the
correlation is only apparent in the case of CO, in which the
non-star-forming spaxels also lie on the trend formed by the
star-forming spaxels. On the other hand, in the case of HCN or
HCO+, the non-star-forming spaxels show a departure from the
sSFR versus gas-to-stellar mass ratio that is formed by the star-
forming spaxels. In addition, the non-star-forming spaxels
share a similar range in the dense-gas-to-stellar mass ratio to
the star-forming spaxels. Our results suggest that while the
dense-gas-to-stellar mass ratio does play a role in regulating the
sSFR for star-forming spaxels, it is not a dominant factor in

determining the sSFR in regions that are undergoing quenching
processes.
Equation (2) can also be further expanded as follows:

( )
= ´ ´
= ´ ´

M M M M M
f f

sSFR SFR
SFE . 3

dense dense mol mol

dense dense mol

*

Therefore, we also investigate the relation between sSFR and
fdense, which is shown in Figure 10. It can be seen that there is
no apparent dependence of sSFR on fdense in the case of either
HCN or HCO+. In summary, among several parameters we
have explored, the dependence of sSFR on SFEdense (and/or
SFEmol) is stronger than on fdense or fmol, suggesting that the

Figure 9. The sSFR against the molecular-gas-to-stellar mass ratio (left panel), dense-gas-to-stellar mass ratio using HCN (middle panel), and dense-gas-to-stellar
mass ratio using HCO+ (right panel). The star-forming, retired, and remaining spaxels are shown in blue, red, and gray, respectively. The blue line represents the best
fit of the star-forming spaxels from all objects. The Pearson correlation coefficients (r) and p-values computed using all spaxels are reported in each panel.

Figure 10. The sSFR against the dense-gas-to-molecular-gas mass ratio measured using HCN (left panel) and HCO+ (right panel). The star-forming, retired, and
remaining spaxels are shown in blue, red, and gray, respectively. The Pearson correlation coefficients (r) and p-values computed using all spaxels are reported in each
panel.
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SFE is the dominant factor determining the kiloparsec-
scale sSFR.

4. Discussion

4.1. Scatter in Schmidt–Kennicutt Relations

The critical densities for HCN and HCO+ (up to ncrit
∼105−106 cm−3) to be excited are much higher compared to
that of CO (ncrit ∼103 cm−3), and therefore they are expected to
trace the dense gas that is more relevant to star formation. In
this regard, it is natural to expect a tighter correlation in the
dense-gas-based SK relation than in the CO-based SK relation,
as illustrated by early works (e.g., Gao & Solomon 2004; Wu
et al. 2005; Lada et al. 2010). This trend, however, is not
obvious in our data, in which we show that the correlations
between SFR and gas surface density, when limited to the star-
forming spaxels, are in fact comparable to each other when
using different molecular gas tracers (see Figure 5). This might
imply that for the two MS galaxies considered here either HCN
or HCO+ actually traces gas with density lower than their
critical densities (Harada et al. 2019; Evans et al. 2020), for
example, through the radiative trapping effects or because of
the contributions of high masses of the low-density gas
(Shirley 2015; Leroy et al. 2017; Jiménez-Donaire et al.
2019), or they are excited through other mechanisms, such as
electron excitation (Goldsmith & Kauffmann 2017), UV from
the young massive stars, X-ray from AGNs, and cosmic rays
from supernova explosions (Papadopoulos et al. 2014; Topal
et al. 2016), which influence the molecular line ratios in
different ways (Meijerink et al. 2007; Topal et al. 2016).

Before seeking the physical explanations, we first consider
whether our results are impacted by the lower S/N of HCN and
HCO+ lines when compared to that of CO. This discrepancy in
S/Ns may potentially lead to weaker correlations in the dense
gas SK relation compared to the CO-based SK relation. To
examine this effect, we repeat the correlation analyses for the
star-forming spaxels in MS galaxies but impose an upper limit
of S/N(CO)= 10 this time. The Pearson correlation coefficient
of the CO-based SK relation is found to reduce from 0.8 to 0.6,
becoming comparable to the values for HCN (0.5) and HCO+

(0.7). This test suggests that whether or not the CO-based SK
relation is superior to the dense gas SK relation is highly
sensitive to the S/Ns achieved by a given molecular line.

In addition to the effect from the S/N, we note that the
dynamical range in the dense gas surface density in our sample
is rather narrow and the number of data points is small,
compared to other studies (e.g., EMPIRE shown in magenta in
Figure 5). These might also impact the measurements of
intrinsic of correlations.

Next, we consider the possibility where HCN or HCO+ are
excited through processes other than collisional excitation. In
this case, the HCN/HCO+ ratio can vary depending on which
mechanism plays a dominant role. Numerical models predict
that the flux ratio of HCN/HCO+ can be greater than unity in
photon dissociation regions, whereas HCN/HCO+< 1 in
X-ray dissociation regions if the density exceeds 105 cm3 and if
the column density is larger than 1023 cm2 (Meijerink et al.
2007; Topal et al. 2016). On the other hand, the X-ray
dominated region HCN/HCO+ ratio becomes larger than 1 if
the column density is less than 1022.5 cm2 (Meijerink et al.
2007). While it is not possible to robustly constrain column

densities with current data sets, it is nevertheless insightful to
look at the HCN/HCO+ ratio in our sample.
Figure 11 shows the histograms of the HCN/HCO+ ratio for

the five galaxies individually. One can see that four out of five
galaxies have HCN/HCO+> 1 in most spaxels. The BPT
diagnostics show no signs of AGN spaxels in these four
galaxies, suggesting that the physical condition of the interstellar
medium is consistent with photodissociation regions. On the
other hand, galaxy 8081–12703, one of the GV galaxies, has the
spaxel distributions centered at HCN/HCO+ ∼ 1, systematically
lower than the values of other galaxies. About half the spaxels
have a HCN/HCO+ ratio less than 1, indicating that this galaxy
might be affected by either AGN or supernova explosions. The
BPT diagnostics using the [O III] λ5007/Hβ versus [N II]
λ6584/Hα ([O III] λ5007/Hβ versus [N II] λ6584/Hα) ratios
reveal that the central spaxels are consistent with composite
regions (star-forming + LINER regions) and may indicate the
presence of a central AGN. Nevertheless, this galaxy only has
very few star-forming spaxels (Figure 4) that contribute to the
dense gas SK relation of star-forming spaxels (Figure 5).
Based on the above tests and evidences, we therefore

conclude that the “tighter” relation in the CO-based SK relation
compared to the dense gas SK relation we see in Figure 5 is
more likely driven by the difference in the S/Ns and also
impacted by the small number statistics rather than a genuine
behavior. While the lower S/Ns of the dense gas tracers
compared to CO result in a small dynamical range of Σdense that
impacts the fits of the SK relation, our finding that the spaxels
in the GV exhibit lower SFEdense compared to those in the star-
forming MS remains valid. This difference is nearly an order of
magnitude at a given Σdense, significantly larger than the
uncertainties (less than 40%) associated with the S/N cuts.
Finally, we note that the wide range of SFEdense found in this

work, spanning two orders of magnitude, seems to be in
contrast to the constant SFEdense model, in which SFEdense is
approximately constant once the gas surface density is above a
certain threshold (Lada et al. 2012; Evans et al. 2014). On the
other hand, our results are consistent with earlier observational
studies on kiloparsec scales, which have also shown that the
dense gas SFE (SFEdense) varies with galactic environments
and galactocentric radii (e.g., Jiménez-Donaire et al. 2019;
Neumann et al. 2023). Therefore, our findings align better with
turbulence-regulated models than with fixed-density models
(Chen et al. 2015; Usero et al. 2015; Bigiel et al. 2016;
Gallagher et al. 2018; Jiménez-Donaire et al. 2019; Querejeta
et al. 2019).
One of the keys to understanding the role of turbulence in

shaping SFE is through the study of the velocity dispersion (σ)
of the molecular gas at scales close to the molecular clouds.
Previous high-resolution observations (∼100 pc) revealed a
strong anticorrelation between SFEdense and σ (e.g., Usero et al.
2015; Leroy et al. 2017; Querejeta et al. 2019) as model
predictions (Meidt et al. 2020), while some others found that
the dependence of SFEdense on σ is only moderate (Sánchez-
García et al. 2022). Due to the coarse spatial resolution and
moderate S/N of the dense gas observations used in this work,
it is not feasible to directly examine the link between SFE and
velocity dispersion. Future higher-resolution data with better
sensitivity will further shed light on the physical conditions
setting SFEdense in GV galaxies.
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4.2. Comparison with Previous Studies in the Literature

After examining the resolved dense gas properties in our
sample, we now compare the global dense gas properties of the
five ALMaQUEST sources with other galaxy populations to

better understand the role of dense gas in the broader context.
Figure 12 shows the global SFR versus global molecular gas
luminosity (L) for the five ALMaQUEST galaxies and various
samples from the literature, including EMPIRE galaxies

Figure 11. The HCN-to-HCO+
flux ratio of the five galaxies analyzed in this work. The star-forming, retired, and remaining spaxels are shown in blue, red, and gray,

respectively. The vertical dashed line represents the HCN-to-HCO+
flux ratio = 1 to guide the eyes.

Figure 12. The (global) SFR vs. Lgas relation for ALMaQUEST galaxies used in this work (MS: blue squares; GV: green squares), PSB galaxies (French et al. 2023),
EMPIRE star-forming galaxies (Jiménez-Donaire et al. 2019), ETGs (Crocker et al. 2012), star-forming and starburst galaxies (Gao & Solomon 2004), and
subcomponents of star-forming galaxies (Usero et al. 2015). From left to right: CO, HCN, and HCO+.
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(Jiménez-Donaire et al. 2019), PSB galaxies (Rowlands et al.
2015; French et al. 2018, 2023), ETGs (Crocker et al. 2012),
star-forming and starbursting galaxies (Gao & Solomon 2004),
and subregions in star-forming galaxies (Usero et al. 2015).
Most of the star-forming populations, including the star-
forming galaxies and starbursting galaxies, follow a linear
relation for all gas tracers (CO, HCN, and HCO+) spanning
over three orders of magnitude. In contrast, the PSB galaxies
and ETGs show diverse behaviors, with some on the same
trend formed by star-forming galaxies, while others are offset
from the main relationship toward both lower SFEmol and lower
SFEdense. The three ALMaQUEST GV galaxies are all below
the star-forming linear relationship, similar to those PSB
galaxies and ETGs that show low SFEmol and SFEdense. These
measurements suggest that there is quite a diversity in these
transitioning and/or quenched galaxies (including GV
galaxies, PSB galaxies, and ETGs) in terms of their SFE.
Some may have normal SFE as typical star-forming or even
starburst galaxies, whereas others have relatively low (dense
gas) SFE.

In Figure 13, we plot the global SFR versus the ratio of
dense molecular gas to total molecular gas traced by LHCN/LCO
(left panel) and +LHCO /LCO (right panel) for various types of
galaxies. Here we use the line luminosity ratio instead of the
gas mass ratio as the dense gas fraction indicator in order to
compare different samples in the literature in a more
straightforward way. The first thing to notice is that at a given
population there is a wide spread in both the LHCN/LCO and

+LHCO /LCO ratios. There seems to be no strong systematic
difference in the ratio of dense molecular gas to total molecular
gas with respect to the level of SFR, except that the starburst
sample with the highest SFR does extend to the high end of the
dense gas fraction. This implies that the dense gas fraction may
not play a dominant role in separating the transitioning or
quiescent galaxies from the star-forming population. Among
the non-star-forming categories, our GV sample has compar-
able dense gas luminosity ratio to ETGs and at least half of the
PSB galaxies that are detected in dense gas tracers. On the

other hand, the PSB galaxies show a wider distribution in the
gas-to-stellar mass ratio compared to the GV galaxies targeted
in this work as revealed in the right panel of Figure 13. The
three PSBs with highest gas-to-stellar ratio are not necessarily
the ones associated with the highest dense gas fractions. There
is clear diversity in the gas content of the PSB galaxies. In the
future, it will be insightful to look into the connection between
the dense gas fraction and the star formation histories with a
larger sample to understand better whether there is evolution of
the dense gas state along different star formation phases.

5. Summary

In this work, we present ALMA HCN (1–0) and HCO+

(1–0) observations for five galaxies selected from the
ALMaQUEST survey, including three GV galaxies and two
MS galaxies. These galaxies are previously selected to exhibit
comparable molecular gas fractions ( fmol) traced by their CO
abundance but differences in their molecular gas SFE (SFEmol),
resulting in the difference in the sSFR. The aim of this paper is
to investigate whether the variation in SFEmol between MS and
GV galaxies is driven by the lack of dense molecular gas,
despite the normal molecular gas abundance, or is due to the
low efficiency of forming stars with respect to the dense gas
abundance, characterized by SFEdense. Our main findings can
be summarized as follows:

1. Both HCN and HCO+ are detected in all five galaxies.
The global HCN-to-CO and HCO+-to-CO line ratios are
found to be 0.02–0.05 and 0.03–0.05, respectively,
broadly consistent with the values found in the literature.

2. The dense gas SK relation is found to be different between
MS and GV galaxies, with the latter showing lower
ΣSFR for a given Σdense and hence lower SFEdense (Figures
4 and 5). When separating the star-forming and non-star-
forming spaxels, it is seen that the non-star-forming
spaxels, which dominate the regions of GV galaxies,
deviate significantly from the dense gas SK relation

Figure 13. The (global) SFR as a function of dense gas luminosity ratio using LHCN/LCO (left panel), +LHCO /LCO (middle panel), and H2-to-stellar mass ratio (right
panel) for ALMaQUEST galaxies used in this work (MS: blue squares; GV: green squares), PSB galaxies (French et al. 2023), ETGs (Crocker et al. 2012), star-
forming and starburst galaxies (Gao & Solomon 2004), and subcomponents of star-forming galaxies (Usero et al. 2015).
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formed by the star-forming spaxels toward lower values of
ΣSFR at a given dense gas surface density.

3. The molecular-gas-based SFEmol (traced by CO) better
correlates with SFEdense (traced by HCN or HCO+) than
with the dense gas fraction, i.e., dense-gas-to-molecular-
gas mass ratio ( fdense; Figures 6 and 7). In fact, the ranges
of the fdense ratio between star-forming and non-star-
forming spaxels, or between MS and GV spaxels, are
similar. In other words, SFEmol is primarily set by the
ability of dense gas to form stars in our sample.

4. When looking at the dependence of sSFR on various
parameters, we find that sSFR is best correlated with the
SFEmol and SFEdense (with correlation coefficients
∼0.8–0.9), followed by the dependence on the molecular
gas fraction ( fmol), and is least associated with fdense or the
dense-gas-to-stellar mass ratio (Figures 8, 9, and 10). The
correlation between sSFR and SFE extends to non-star-
forming spaxels as well. Our results suggest that the
quenching mechanisms responsible for lowering the star
formation activities in these galaxies mainly impact
fgas and SFEdense and do not alter the dense-gas-to-
molecular-gas ratio directly.

5. The ALMaQUEST GV galaxies exhibit systematically
lower global SFEmol and SFEdense when compared to star-
forming and starburst galaxies in previous studies
(Figure 12). However, there is no significant distinction
between GV galaxies and other types of galaxies in terms
of the dense gas luminosity ratio (Figure 13). This aligns
with the spatially resolved findings that the low sSFR of
our GV galaxies is not attributed to a lack of dense gas.

In conclusion, we find that the three GV galaxies in our
sample have comparable molecular gas fraction ( fgas) and
spaxel-based fdense to those in MS galaxies, whereas the
SFEmol and SFEdense are systematically lower than those of
MS galaxies. In other words, these GV galaxies are less
efficient in converting dense gas to stars and therefore lead to
lower sSFRs than MS galaxies. Nevertheless, We emphasize
that the three GV galaxies in our sample are CO abundant by
selection and may not be representative of the whole GV
population in general. Having a larger GV sample covering a
different parameter space may shed light on the connection
between star formation and molecular gas, as well as on the
physical processes that suppress star formation in GV galaxies.
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