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Abstract
The physical environment of molecular clouds exerts a significant influence on
star formation rates, and understanding star formation is of great importance for
comprehending planet formation and galaxy evolution. This review primarily
examines the relationship between star formation and gas in the Milky Way
and its neighboring galaxies over the past two decades (i.e., the star formation
law), with the aim of better understanding the nature of star formation, the
relationship between star formation and gas, and whether stars form in a unified
manner. It introduces the components of the interstellar medium and methods
for measuring interstellar medium density and star formation rates. The focus
is on reviewing the relationship between dense gas and star formation rates from
galactic scales to molecular cloud scales, and providing a summary and outlook
for research on star formation laws.
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Abstract
The physical environment of molecular clouds significantly influences star for-
mation rates, and understanding star formation provides crucial insights into
planet formation and galaxy evolution. This review primarily examines the rela-
tionship between star formation and gas in the Milky Way and nearby galaxies
over the past two decades—known as the star formation law—with the aim of
better understanding the nature of star formation, the connection between star
formation and gas, and whether stars form in a unified manner. We introduce
the components of the interstellar medium and methods for measuring inter-
stellar medium density and star formation rates, focusing particularly on the
relationship between dense gas and star formation rates from galactic scales
down to molecular cloud scales. We conclude with a summary and outlook for
future research on star formation laws.

Keywords: star formation law; massive star formation; star formation effi-
ciency
CLC number: P152
Document code: A

1 Introduction
Star formation research addresses two fundamental questions—the origin of stars
and the origin of planets—while also linking to galaxy formation and evolution.
Astronomers seek to understand star formation activities across multiple phys-
ical scales, from individual molecular clouds within the Milky Way to entire
galaxies and even cosmic large-scale structures. Questions of when, where, and
how stars form have long puzzled astronomers. Schmidt [?] first discovered in
1959, through quantitative measurements, a strong correlation between neutral
hydrogen (HI) clouds in the interstellar medium and star formation rates, sug-
gesting that stars likely form within gas. Subsequent research revealed that
atomic gas traced by H atoms has relatively low density and high temperature,
and is dominated by internal thermal pressure rather than being gravitationally
bound on galactic scales [?]. As studies progressed, it became clear that atomic
gas is not directly related to star formation; rather, molecular clouds—where
H atoms cool and become H2 molecules—serve as the true nurseries of stars.
However, not all molecular clouds form stars; only extremely dense molecular
cloud clumps are directly associated with star formation [?]. When local den-
sity in a molecular cloud increases, it exerts stronger gravitational attraction
on surrounding gas, causing more gas to accumulate. Molecular clouds of 1–10
pc fragment into filamentary structures that experience continuous compression
and collision from turbulence and magnetic fields, creating a delicate balance
with the cloud’s self-gravity. When this equilibrium is disrupted—for example,
when the cloud’s mass exceeds the Jeans mass—gravity dominates, triggering
cloud collapse to form one or more stars. During collapse, the cloud’s grav-
itational energy converts to thermal energy, raising the temperature until it
reaches the threshold for H-He nuclear fusion, and new stars are born. While
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astronomers have identified some physical mechanisms of star formation, many
questions remain unresolved: Do massive stars form through mergers or accre-
tion? Before collapse, molecular clouds are supported not only by gravity but
also by magnetic fields and turbulence—what are their distributions and gen-
eration mechanisms? Molecular cloud interiors are not uniform but composed
of many filamentary structures—what are their characteristics and how do they
relate to star formation? What is the specific relationship between gas density
and star formation, and how does it connect to star formation rates?

The physical environment and geometric structure of molecular clouds affect
the initial conditions for star formation. To investigate these issues, we must
fully understand the physical properties of molecular clouds (such as density,
temperature, elemental abundance, etc.). These properties are not static: from
a macroscopic perspective, nuclear reactions in stellar interiors provide energy
sources for galaxies, while stellar death supplies galaxies with heavy elements
and dust. Supernova-driven winds can eject material into interstellar space.
Violent star formation, supernova explosions, active galactic nuclei, and large-
scale shocks all significantly impact the physical properties of molecular clouds.
The Milky Way has experienced mergers [?] and starburst activities [?]; studying
the physical environments of nearby galaxies helps us understand the Milky Way’
s early history. Since high-redshift galaxies are too distant for easy detection,
studying nearby galaxies provides ideal templates for understanding the early
universe. This review examines the relationship between gas surface density
and star formation rates from galactic to molecular cloud scales over the past
20 years—the K-S law—to understand the connection between star formation
and gas surface density and whether stars form in a unified manner. Section 2
introduces interstellar medium classification and various probes for measuring
gas surface density; Section 3 discusses star formation rates and their tracers;
Section 4 examines the relationship between star formation rates and gas density
in the Milky Way and nearby galaxies; and Section 5 provides a brief summary
and outlook.

2.1 Components of the Interstellar Medium
The universe contains vast amounts of interstellar medium, comprising dust
and gas with physical structures spanning enormous scales—from intergalactic
medium (Mpc scale) to cold neutral medium (kpc scale), to molecular clouds
(~10–100 pc scale), which fragment and collapse into denser clumps (~1 pc scale)
and molecular cloud cores (~0.1 pc scale), eventually forming stars (R⊙ scale)
and planets (~AU scale). In the Milky Way, nearly half the volume is filled with
hot ionized medium with density < 0.01 cm−3 and temperature > 105 K; the
remaining half consists of warm ionized and warm neutral media with densities
of ~0.1–1 cm−3 and temperatures of several thousand K [?]; only a small frac-
tion is cold neutral medium with density > 10 cm−3 and temperature < 100
K [?]. Molecular clouds, as the coldest and densest component of cold neutral
medium, are the true nurseries of stars [?]. The boundaries of molecular clouds
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are typically defined by detecting CO low rotational transition emission above
a certain threshold [?] or by using extinction of background stars to a certain
degree. For example, the probability distribution function of surface density
derived from extinction measurements can be fitted to a log-normal function for
low extinction values (𝐴𝑉 ≈ 2–5 mag) [?], while for higher extinction values, the
tail follows a power-law distribution in at least some molecular clouds. In prac-
tice, active star formation occurs in molecular clouds with power-law tails [?].
In complex regions, radial velocity can distinguish molecular clouds at different
distances along the line of sight. However, molecular clouds are surrounded by
atomic layers with a transition region where H is primarily molecular while C
is mainly atomic [?]. These regions are called PDRs, representing photodissoci-
ation regions or photon-dominated regions [?]. Molecular clouds contain many
filamentary structures with dense cores. Relative to molecular clouds, cores
have smaller masses but much higher densities, and these cores may form sin-
gle stars, binaries, multiple stars, or even small clusters. Theoretically, besides
defining the birthplace of individual stars as cores, a term is needed to denote
the birthplace of individual clusters, for which Williams et al. [?] proposed using
“clump.”Table 1 lists some parameters of molecular clouds [?].

In the Milky Way, approximately 1% of the interstellar medium exists in solid
form, primarily silicates and carbonaceous materials [?]. Dust particle sizes
range from 0.35 nm to 1 𝜇m. Using dust extinction and reddening, we can deter-
mine both dust and gas column densities and obtain molecular cloud structures.
Thanks to improved telescope resolution and sensitivity, and expanded observa-
tional wavelengths from optical to radio bands, detectable dust extinction has
increased from 𝐴𝑉 ≈ 6 mag to 𝐴𝑉 ≈ 40 mag, enabling more precise determina-
tion of core structures within molecular clouds. Larger dust grains absorb UV
photons and re-emit the energy in infrared or millimeter bands. This character-
istic allows using infrared radiation as a probe to measure star formation rates
in dust-rich galaxies.

2.2 Atomic Probes
The universe contains abundant H atomic gas. Transitions between two hy-
perfine levels of H atoms (electron spin flipping from parallel to antiparallel)
produce the well-known 21 cm line. Although the 21 cm line has a low sponta-
neous emission probability (2.9 × 10−15 s−1), the enormous quantity of H atoms
in the universe still yields substantial transition events (107 cm2・s−1) [?], en-
abling measurement of hydrogen atomic gas column density through 21 cm line
observations.

2.3.1 CO Molecular Probe
In molecular clouds, H2 has the highest abundance, but lacks a permanent
electric dipole moment and has high excitation energy, making its spectrum dif-
ficult to obtain. CO, the second most abundant molecule, is commonly used as
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a molecular cloud tracer due to its strong spectral lines. CO(1-0) has a high dis-
sociation energy (~11.1 eV) and relatively low critical density (~102 cm−3) and
excitation temperature (~5.5 K) [?], making it easily excited in both diffuse and
dense molecular gas. CO rotational transition lines lie in the (sub)millimeter
band, and combining multiple CO rotational lines can effectively trace the phys-
ical properties and excitation environments of molecular clouds. However, CO
is not easily excited in very low-density molecular clouds, and its emission lines
saturate in very high-density clouds, affecting information about high-density
regions.

After obtaining integrated intensity from CO spectra (𝐼𝐶𝑂 = ∫ 𝑇 𝑑𝜈), the “X-
factor”is typically used to relate it to H2 column density: 𝑁𝐻2

= 𝑋𝐶𝑂𝐼𝐶𝑂.
For example, Bolatto et al. [?] summarized the X-factor for the Milky Way and
nearby spiral galaxies as 𝑋𝐶𝑂 = 2 × 1020 cm−2・K−1・km−1・s. Molecular cloud
temperature, density, metallicity, and other factors affect the 𝑋𝐶𝑂 value. Two
common calibration methods exist: (1) using optical extinction and standard
gas-to-dust ratios to obtain H2 [?, ?, ?]; (2) comparing 𝛾-ray column density
with CO column density from isotopic measurements to calibrate 𝑋𝐶𝑂, where
𝛾-rays are produced by cosmic ray interactions with H2 [?, ?].

Maloney and Black [?] found that, ignoring metallicity, 𝑋𝐶𝑂 ∝ 𝑛0.5𝑇 −1
𝑘 , where

𝑛 is the average molecular cloud density and 𝑇𝑘 is temperature. Shetty et al. [?]
found a weak relationship: 𝑋𝐶𝑂 ∝ 𝑇 −0.5

𝑘 . Leroy et al. [?] found that galaxies
with lower metallicity have larger 𝑋𝐶𝑂 values. Note that these results were
obtained under specific conditions and may not apply in other environments.

CO probes can also determine molecular cloud masses. When measuring CO
luminosity, if the molecular cloud is optically thin, emission from within the
cloud can be detected, allowing relatively accurate mass estimation from CO
lines. However, CO is typically optically thick, and measurements only yield lu-
minosity from the cloud’s outermost layer. Larson [?] discovered a relationship
between CO line width and molecular cloud size: line width is proportional to
the square root of cloud size (the Larson relation, which assumes giant molec-
ular clouds are self-gravitating bound systems). If giant molecular clouds have
constant surface density of 100 M⊙・pc−2 [?], the Larson relation yields CO
luminosity proportional to molecular gas virial mass, enabling total gas mass
estimation in optically thick cases [?, ?]. Like buildings behind a wall where
only the wall is visible, if we assume all buildings are similar and one building’
s mass is known, we can roughly estimate total mass from the wall’s appar-
ent area. Based on this principle, CO(1-0) luminosity is often used to measure
molecular cloud masses through the relation: 𝑀 = 𝛼𝐶𝑂𝐿𝐶𝑂. The 𝛼𝐶𝑂 value
is also affected by molecular cloud temperature, density, metallicity, etc. The
𝑋𝐶𝑂 = 2 × 1020 cm−2・K−1・km−1・s corresponds to 𝛼𝐶𝑂 = 4 M⊙・K−1・km−1・
s (excluding He) [?]. In nearby starburst galaxies and (ultra)luminous infrared
galaxies (LIRGs, 𝐿𝐼𝑅 ≈ 1011 L⊙; ULIRGs, 𝐿𝐼𝑅 ≈ 1012 L⊙), using the Milky
Way 𝛼𝐶𝑂 value yields masses greater than the dynamical masses of starburst
galaxies [?]. Downes and Solomon [?] proposed 𝛼𝐶𝑂 = 0.8 M⊙・K−1・km−1・s for
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these galaxy types. Note that when using 𝐿𝐶𝑂 to derive gas mass, the assump-
tion is that all star formation in giant molecular clouds is similar—an assumption
that is problematic in starburst and (ultra)luminous infrared galaxies.

2.3.2 Dense Gas Probes
Dense gas generally refers to gas where molecular cloud surface density (or
volume density) exceeds a certain threshold. Only when molecular cloud density
is sufficiently high to exceed the critical density of“dense molecular probes”can
spectral lines be excited. However, the threshold value remains controversial.
One view suggests the threshold is the typical average density of molecular
clouds, i.e., 𝑁𝐻2

> 102–103 cm−3, which happens to be above CO’s critical
density. The second view proposes the threshold is the actual core density,
about two orders of magnitude higher than the average density, i.e., 𝑁𝐻2

> 104

cm−3, at which point molecular clouds become gravitationally bound and begin
efficiently forming stars [?, ?, ?]. We favor the second threshold. Note that
besides density thresholds, surface density (Σ𝑚𝑜𝑙 > 116–129 M⊙・pc−2) [?, ?, ?],
column density (𝑁𝐻2

> 6 × 1021 cm−2), or extinction (𝐴𝑉 ≈ 6 mag) can also
define thresholds [?].

Common dense gas probes include high rotational level CO transitions and lines
from molecules like CS, HCN, and HCO+. The excitation of dense molecular
probes, like CO, depends on physical environment. In fact, dense molecular
probes are more sensitive to UV radiation than CO, making them more de-
pendent on metallicity [?]. Caution is needed when analyzing dense molecular
probes, as they cannot simply replace CO. Each dense gas probe has advan-
tages and should be selected based on specific circumstances. Compared to
other probes, HCN and HCO+ have higher abundances and stronger emissions,
making them most widely used in galaxy studies. To date, HCN and HCO+

have been systematically surveyed in moderate-mass galaxies [?, ?, ?, ?, ?, ?].
The CS probe is less affected by infrared pumping [?] and shocks [?, ?], and
its energy levels require minimum excitation temperatures mostly below 70 K,
making it ideal for probing dense, cold molecular gas.

2.4 Dust
Dust can also trace molecular gas. Assuming dust and gas are well mixed and
knowing the gas-to-dust ratio (~100 in the Milky Way), gas mass can be derived
from dust mass [?, ?]. Note that this method yields total gas mass, including
both molecular and atomic gas. Besides assuming dust-gas mixing, assumptions
about metallicity and dust models are required to ultimately obtain molecular
gas mass.
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3.1 Initial Mass Function
The initial mass function (IMF) is an empirical function describing the distribu-
tion of initial masses among a group of stars, expressed as 𝑑𝑁/𝑑𝑀 ∝ 𝑀−𝛼 or
𝑑𝑁/𝑑 lg 𝑀 ∝ 𝑀−𝛾 (𝛼 = 𝛾 + 1), where 𝑁 is the number of stars in a given mass
interval (from 𝑀 to 𝑀 + 𝑑𝑀) and 𝑀 is stellar mass. In 1955, Salpeter [?] fit-
ted the stellar initial mass function as a power-law function of lg 𝑀 , obtaining a
power-law index 𝛼 = 2.35 for the range (0.4–10) M⊙, known as the Salpeter IMF.
The Kroupa IMF is another initial mass distribution function [?] that considers
variations in stellar mass distribution across different mass ranges. It typically
adopts a piecewise power-law distribution with two breaks at approximately 0.5
M⊙ and 1 M⊙. For stars of (0.08–0.5) M⊙, the slope 𝛼 ≈ 0.3; for (0.5–1) M⊙,
𝛼 ≈ 1.3; and for stars > 1 M⊙, 𝛼 ≈ 2.3, consistent with the Salpeter IMF.

3.2 Star Formation Rate and Its Probes
The star formation rate (SFR) refers to the rate of star formation, with units of
M⊙・a−1 or M⊙・Ma−1. The most direct method for measuring SFR is counting
different types of stars. Ideally, SFR can be obtained from the formula: SFR =
𝑁(𝑀∗, 𝑡∗)𝑀∗/𝑡∗, where 𝑁(𝑀∗, 𝑡∗) represents the number of stars per unit mass
𝑀∗ = 𝑀𝑡 and per unit stellar lifetime, and 𝑡∗ is the longest lifetime among all
stars. In practice, complete stellar information is unavailable, though in a few
nearby galaxies (like the Large and Small Magellanic Clouds), counting young
massive stars is relatively easy. Since young stellar objects (YSOs), particularly
massive young stars, dominate luminosity, counting newly formed stars can
trace SFR. With a given IMF, the total SFR can be derived from YSO counts:
SFR𝑆𝑂 = 𝑁𝑌 𝑆𝑂⟨𝑀∗⟩/𝑡, where ⟨𝑀∗⟩ is the average mass of newly formed stars
and 𝑡 is the average YSO lifetime.

For more distant galaxies where current instruments lack sufficient resolution
for stellar counting, reasonable assumptions allow deriving SFR from massive
star luminosities combined with the IMF: (1) Assume SFR is constant within
the probe’s effective timescale. This holds for most disk and elliptical galaxies
without recent starburst activity. For starburst galaxies, assume roughly con-
stant SFR within the probe’s effective timescale. (2) Assume star formation
follows some IMF. This is the fundamental assumption for most SFR deriva-
tions, as only through the IMF can we extrapolate from massive star masses
(or luminosities) to total stellar mass. Unfortunately, this assumption remains
highly controversial. (3) Assume observational data fully sample the IMF, mean-
ing at least one star exists at the maximum mass sampling point. For actively
star-forming galaxies, this is mostly satisfied. Under these assumptions, simple
linear relationships can derive masses from massive young star luminosities and
extrapolate to total formed stellar mass via the IMF [?].

SFR probes fall into two categories: (1) Global SFR probes, primarily for study-
ing average galaxy-scale properties. These don’t require high resolution or sen-
sitivity, facilitating statistical studies of large samples of distant galaxies. (2)
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Local SFR probes, suitable for smaller scales (sub-kpc). These require higher
resolution and sensitivity. Since different molecular clouds have vastly different
physical properties, the scale cannot be too small, otherwise statistical devia-
tions from individual uniqueness become large [?].

Common SFR probes include: (1) UV-infrared radiation. UV radiation pri-
marily comes from massive young stellar photospheres, directly correlating with
SFR. Since UV photons are easily affected by dust extinction, relying solely
on UV radiation for SFR yields large errors. If all UV radiation is effectively
absorbed by dust, which re-emits the energy in infrared bands, UV luminosity
can be linked to infrared luminosity: 𝐿𝑈𝑉 ,corr = 𝐿𝑈𝑉 ,observed + 𝜂𝐿𝐼𝑅 (coeffi-
cient 𝜂 depends on the passbands for UV and IR measurements), allowing SFR
derivation. For dust-rich nuclear starburst galaxies, where dust extinction in
infrared bands is minimal, total infrared radiation may be the best SFR probe:
SFR = 4.5 × 10−51𝐿𝑇 𝐼𝑅, where 𝐿𝑇 𝐼𝑅 is the integrated mid-to-far infrared lumi-
nosity [?] in J・s−1 and SFR is in M⊙・a−1. (2) Emission line probes. The most
widely used emission line probes are optical and near-infrared lines from ion-
ized gas around massive young stars. Gas around massive young stars becomes
ionized by their radiation, emitting lines from visible to infrared bands. For a
standard IMF, these emission line probes trace stars with masses ≳ 15 M⊙, with
peak contributions from (30–40) M⊙ stars. Thus, these lines (and free-free radio
continuum) represent nearly instantaneous SFR measurements, tracing stellar
lifetimes of ∼ 3 × 106–107 a [?]. Common emission line probes include H𝛼 lines
(for nearby and distant galaxies), [O II] lines (for moderate-redshift galaxies),
and Ly𝛼 lines (for high-SFR galaxies). (3) Radio radiation. Centimeter-wave ra-
dio radiation includes thermal and synchrotron components, with low-frequency
radiation primarily produced by supernova-accelerated charged particles gyrat-
ing in magnetic fields. Gyro radiation shows strong correlation with far-infrared
radiation, enabling SFR derivation (with limitations, applicable to certain galax-
ies). Thanks to improved radio instrument resolution and sensitivity, radio ra-
diation is now mainly used to calculate SFRs for high-redshift galaxies with
ongoing star formation.

Table 2 lists commonly used SFR probes and their application ranges. After
obtaining luminosity from SFR probes, SFR can be calculated using lg 𝑀∗ =
lg 𝐿𝑥 − lg 𝐶𝑥, where 𝐶𝑥 is the conversion factor between luminosity and SFR
(see Table 2, column 4).

4 K-S Law
Schmidt [?] proposed a proportional relationship between SFR and gas density,
first quantitatively discovering a strong correlation between neutral hydrogen
(HI) atomic clouds in the interstellar medium and SFR, indicating that stars
likely form in gas. Kennicutt [?] studied a series of galaxies and found a re-
lationship between disk-averaged SFR surface density and gas surface density:
Σ𝑆𝐹𝑅 ∝ Σ1.4

𝑔𝑎𝑠. Since then, increasing research has investigated the relation-
ship between gas and star formation, hoping to identify the specific physical
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processes of gas evolution into stars. Such relationships are called Kennicutt-
Schmidt (K-S) laws: Σ𝑆𝐹𝑅 = 𝐴Σ𝑁

𝑔𝑎𝑠.

4.1 Galaxy-scale K-S Law
Figure 1 [Figure 1: see original paper] summarizes observational results for the
K-S law. Each point represents a galaxy, extending from 61 normal disk galaxies
and 36 starburst galaxies [?] to metal-poor starburst galaxies (𝑍 < 0.3𝑍⊙) and
nearby low surface brightness galaxies [?]. SFR measurements used H𝛼, Pa𝛼,
and infrared radiation as probes. Gas surface density used CO as a probe, with
all galaxies adopting 𝑋𝐶𝑂 = 2.3 × 1020 cm−2・K−1・km−1・s (excluding He) for
simplicity.

Figure 1 shows a strong correlation between SFR surface density and gas sur-
face density, with slope 𝑁 ≈ 1.4–1.5, indicating that star formation increases
exponentially with gas surface density. This means gas-to-star conversion effi-
ciency (star formation efficiency SFE = SFR/𝑀𝑔𝑎𝑠) differs across different star
formation systems. For example, ultraluminous infrared galaxies have star for-
mation efficiencies nearly two orders of magnitude (~100×) higher than nearby
normal disk galaxies. Why does the same gas mass produce such different star
formation efficiencies?

One existing model [?] explains this by assuming star formation follows: 𝜌𝑆𝐹𝑅 =
𝑓𝐻2

𝜖𝑓𝑓𝜌𝑔𝑎𝑠/𝑡𝑓𝑓 , where 𝑓𝐻2
is the molecular gas fraction in total gas, 𝜖𝑓𝑓 is star

formation efficiency per free-fall time, 𝜌𝑔𝑎𝑠 is gas density, and 𝑡𝑓𝑓 is the free-fall
time satisfying 𝑡𝑓𝑓 ∝ 𝜌−0.5

𝑔𝑎𝑠 , yielding 𝜌𝑆𝐹𝑅 ∝ 𝜌𝑔𝑎𝑠/𝑡𝑓𝑓 ∝ 𝜌1.5
𝑔𝑎𝑠, i.e., 𝑁 = 1.5. Note

this model assumes the star formation timescale is the free-fall timescale, but
besides gravity, molecular clouds also contain turbulence and magnetic fields—
whether star formation timescales are truly free-fall timescales remains to be
verified.

Several details in Figure 1 warrant attention: metal-poor galaxies and low sur-
face brightness galaxies deviate from the main body, likely because the same
𝑋𝐶𝑂 was adopted for different galaxies. If these metal-poor galaxies used larger
𝑋𝐶𝑂 values, they would lie closer to the main body [?]. Different 𝑋𝐶𝑂 values
also significantly affect the slope: using 𝑋𝐶𝑂 values five times lower in starburst
galaxies increases the overall K-S law slope from 1.4–1.5 to 1.7–1.9 [?]. Recent
galaxy-scale K-S law studies include: Liu et al. [?] used radio radiation as an
SFR probe to analyze 181 galaxies (115 normal galaxies, 66 (ultra)luminous in-
frared galaxies), finding slope 𝑁 is sensitive to 𝑋𝐶𝑂 values, which can increase
𝑁 from 1.14 to 1.6; Ballantyne et al. [?] numerically simulated 132 Eddington-
limited star-forming disks with radii of 10–100 pc, showing that under Edding-
ton limits, slope 𝑁 strongly depends on optical depth, and that using CO as a
probe to derive gas surface density is unsuitable for warm, dense disks, requiring
higher-order dense molecular probes.
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4.2 Spatially Resolved K-S Law
Galaxy-scale K-S laws show average properties of SFR and gas mass (density) on
galactic scales, averaging the physical properties of star formation activities and
gas probes. However, to further understand the specific physical mechanisms
of gas evolution into stars, observations of gas-SFR relationships on smaller
scales (sub-galactic and giant molecular cloud scales) are necessary. Improved
telescope resolution and sensitivity have enabled such studies. Bigiel et al. [?]
and Schruba et al. [?] used the VLA (Very Large Array) and IRAM 30 m
telescope to map CO(2-1) and HI in nearby normal disk galaxies, comparing
SFR with atomic gas (THINGS survey), molecular gas (HERACLES survey,
12CO(2-1)), and total gas. They found atomic gas traced by HI shows little
relation to star formation, while H2-traced molecular gas correlates linearly with
star formation on sub-galactic scales. However, on smaller scales (tens of pc),
the H2–star formation relationship breaks down. For even smaller structures
like dense cores (pc scale), H2 and star formation show no clear correlation.

In fact, not all giant molecular clouds have active star formation. Star forma-
tion is influenced not only by gravity but also supported by turbulence and
magnetic fields, which vary significantly across different molecular clouds. On
giant molecular cloud scales, the densities of H2 gas traced by 12CO(1-0) and
12CO(2-1) are insufficient for star formation, making giant molecular clouds
suboptimal units for studying star formation.

4.3 K-S Law for Dense Gas Probes
Studies show that within the Milky Way, star formation efficiency in dense gas
is much higher than in giant molecular clouds. This dense gas has densities of
∼ 104–106 cm−3, 2–4 orders of magnitude higher than average giant molecular
cloud densities, and its star formation efficiency is also much higher than that of
total molecular gas traced by CO [?, ?]. This evidence suggests star formation
is physically more closely related to dense molecular gas. Gao and Solomon [?]
observed HCN(1-0) lines in 65 nearby galaxies, finding a strong linear relation-
ship (𝑁 = 1) between HCN-traced dense gas and SFR (see Figure 2 [Figure
2: see original paper]). This relationship extends to dense molecular clumps
within the Milky Way (see Figure 3 [Figure 3: see original paper]) and possibly
to high-redshift quasars (see Figure 3b) [?]. Liu et al. [?] used radio radiation as
an SFR probe to analyze 181 galaxies (115 normal galaxies, 66 (ultra)luminous
infrared galaxies), also finding a strong linear relationship between dense gas
surface density and SFR: 𝑀̇⊙ ≈ 1.2 × 10−8𝑀𝑑𝑒𝑛𝑠𝑒, where 𝑀̇⊙ is in M⊙・a−1 and
𝑀𝑑𝑒𝑛𝑠𝑒 is in M⊙. This linear relationship is interpreted as follows: assuming
gas mass, SFR, and star formation efficiency are similar across different dense
clumps—the “basic unit”of star formation [?]—the collective behavior of these
basic units is identical across physical scales. Thus, SFR and dense gas mass can
be considered as simply accumulating by adding more basic units. Note that for
extragalactic systems (especially starburst and ultraluminous infrared galaxies)
with extreme physical environments, this hypothesis remains to be verified.

chinarxiv.org/items/chinaxiv-202501.00011 Machine Translation

https://chinarxiv.org/items/chinaxiv-202501.00011


Lada et al. [?] mapped 11 nearby molecular clouds using HCN as a dense gas
probe (see Figure 4 [Figure 4: see original paper]), combining with Gao and
Solomon’s galaxy data [?] to obtain: 𝑀̇⊙ = 4.6×10−8𝑓𝑑𝑒𝑛𝑠𝑒𝑀𝑚𝑜𝑙, where 𝑓𝑑𝑒𝑛𝑠𝑒
is the dense gas fraction in molecular clouds and 𝑀𝑚𝑜𝑙 is molecular cloud mass.
Figure 4a shows the correlation between molecular cloud SFR and molecular
cloud mass. Solid black dots represent high-density gas, while open circles rep-
resent low-density gas; three dashed lines from top to bottom indicate dense
gas fractions of 100%, 10%, and 1%. Figure 4b is similar but includes Gao and
Solomon’s galaxy data [?]. Figure 4 demonstrates that, whether for individual
molecular clouds or entire galaxies, star formation follows a fundamental prin-
ciple: the rate at which molecular gas converts to stars depends on the dense
gas mass fraction in molecular clouds. Moreover, if the dense gas fraction is the
same, the correlation between SFR and dense gas is linear in both molecular
clouds and galaxies. Additionally, Evans et al. [?] used radio radiation (free-free
emission) and HCN as probes to study massive dense clumps, finding a good
linear relationship between dense gas mass and SFR. Zhang et al. [?] used dense
molecular probes (CS, HCN, HCO+) to study star formation laws in 20 nearby
galaxies, finding that as long as molecular density exceeds 104 cm−3 (dense gas),
SFR linearly correlates with surface density traced by dense gas probes.

Vutisalchavakul et al. [?] found that SFR also linearly correlates with surface
density traced by dense gas probes in more distant and denser cores within
the Galactic plane. They further demonstrated that dense gas star formation
efficiency is constant from nearby molecular clouds to Galactic plane molecular
clouds, and from nearby galaxies to distant (U)LIRGs (as shown in Figure
5a [Figure 5: see original paper]). Conversely, molecular gas star formation
efficiency shows greater dispersion (as shown in Figure 5b). This indicates that
dense gas is more closely connected to star formation than molecular gas. The
overall star formation efficiency in molecular clouds is lower than in dense gas,
likely because most molecular clouds are not gravitationally bound while dense
gas is gravitationally bound [?]. This also explains the tight connections between
infrared luminosity in molecular cloud clumps, dense gas probe luminosity (i.e.,
the dense gas star formation law), and gas luminosity with virial mass of dense
clumps [?]. Additionally, feedback from early star formation affects gas structure
in molecular cloud clumps, reducing SFR and thus affecting star formation
efficiency [?].

However, recent studies have questioned the dense gas star formation law.
Stephens et al. [?] proposed that most HCN(1-0) brightness in the Milky
Way comes from subthermal emission in diffuse gas rather than dense gas.
When observing galaxies as whole systems, HCN luminosity inevitably includes
contributions from diffuse gas, requiring deeper interpretation of the linear
relationship found by Wu et al. [?] for massive gas clumps in the Milky Way
and extended to other galaxies. Recent work indicates HCN emission may
originate from more diffuse regions, with studies focusing on clouds in the
solar neighborhood (extending to Orion) [?, ?]. Luong et al. [?] extended
these conclusions to the M17 nebula. Evans et al. [?] subsequently found
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HCN(1-0) and HCO+(1-0) emission at lower densities (50–100 cm−3). Since
low-density regions dominate most molecular clouds, they can dominate total
probe luminosity. These studies question whether dense gas probe luminosity
primarily originates from dense gas, challenging the effectiveness of commonly
used dense gas probes like HCN and HCO+ for tracing dense gas mass—an
issue requiring further investigation.

Additionally, Mills and Battersby [?] used 12 m Mopra telescope and Herschel
Hi-GAL data to study the correlation between HCN(1-0) and dense gas mass
in the Galactic center, finding good correlation on ~10 pc scales of individual
molecular cloud cores. However, some clouds show deviations of about 0.75
dex, possibly due to infrared pumping exciting HCN emission and HCN self-
absorption affecting the IR/HCN(1-0) ratio. Therefore, multi-line observations
with different molecular probes will be effective for demonstrating consistency
among dense gas tracers in galaxies. Li et al. [?] observed the relationship be-
tween dense gas probe luminosity and infrared luminosity using multiple dense
gas probes (HCN(1-0), HCO+(1-0), HNC(1-0), and CS(3-2)). They used the
IRAM 30 m telescope to observe 70 nearby galaxy sources with different in-
frared luminosities at 3 mm and 2 mm bands, finding tight linear correlations
between dense gas probe brightness and infrared luminosity, with no systematic
differences among probes in tracing molecular gas.

Compared to HCN(1-0), HCO+(1-0), and other lines, their isotopologue lines
typically have lower optical depths and can trace denser gas due to lower iso-
topologue abundances and higher excitation densities. Zhang et al. [?] used
the APEX 12 m submillimeter telescope to observe HCN(4-3), HCO+(4-3), and
CS(7-6) lines (tracing gas densities up to 106 cm−3) in 20 nearby star-forming
galaxies, finding linear correlations between luminosities of these three molecu-
lar lines and infrared luminosity, consistent with HCN(1-0) and CS(5-4) results.
Liu et al. [?] conducted large-sample CO multi-transition (𝐽 = 4−3–12−11) ob-
servations of Milky Way molecular clouds, 167 nearby galaxies, and high-redshift
star-forming galaxies, finding tight linear correlations between luminosities of
all nine detected high-𝐽 (𝐽 > 4) CO lines and far-infrared luminosity. Liu et
al. [?] used molecular probes H13CO+ and H13CN to trace dense gas mass in
146 star-forming regions in the Milky Way, finding that dense gas traced by
H13CO+ and H13CN still shows linear relationships with SFR.

5 Summary and Outlook
The K-S law provides the most classic and significant statistical characteriza-
tion of the physical properties of star-forming clumps, describing the empirical
relationship between star formation rate surface density Σ𝑆𝐹𝑅 and total gas
surface density Σ𝑔𝑎𝑠 (Σ𝑔𝑎𝑠 = Σ𝐻𝐼 + Σ𝐻2

). The K-S law averages disk galaxies
as a whole, providing a direct quantitative method for linking gas emission to
star formation activity. This law can be extended to distant, hard-to-observe
high-redshift galaxies, laying the foundation for theoretical simulations and cal-
culations of galaxy evolution and large-scale structure evolution. However, cur-
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rent research has not yet provided a clear description of the nature of the linear
relationship in the dense gas probe star formation law. Key areas for further
exploration include:

(1) The definition of “dense”gas traced by dense gas probes—i.e., the actual
spatial distribution of dense gas. Studies suggest that commonly used
dense gas probes (e.g., HCN(1-0)) may derive most of their luminosity
from subthermal emission in diffuse gas rather than dense gas, contra-
dicting their assumed role as dense gas tracers [?, ?]. Stephens et al. [?]
proposed that infrared luminosity from massive star-forming clumps and
dense gas probe HCN luminosity may represent only a small fraction of
the entire galaxy, with HCN emission primarily originating from low-mass
star-forming clumps or subthermal emission. Evans et al. [?] used molecu-
lar probes HCN(1-0) and HCO+(1-0) to conduct high-resolution mapping
of six distant (𝑑 ≈ 3.5–10.4 kpc) molecular clouds, finding that gas below
the 𝐴𝑉 ≈ 8 mag threshold contributes a large fraction of total luminosity
—i.e., HCN and HCO+ emission exists at lower densities 𝑛 = 50–100 cm−3.
Since low-density regions dominate most molecular clouds, they could dom-
inate total probe luminosity. Whether different dense gas probes trace
the same gas structures in molecular clouds, what fraction of total gas
luminosity originates from the smallest units of clustered star formation
(dense cores) versus subthermal emission from diffuse gas—these questions
remain at a superficial, phenomenological level in current research. Al-
though limited, such studies have raised doubts about whether dense gas
probes effectively trace dense gas.

(2) The impact of feedback from young star formation on gas spatial distri-
bution. Gas expansion and radiation pressure from active objects like
forming stars significantly affect gas distribution. These factors vary
across different molecular cloud regions, creating complexity in gas spa-
tial distribution and star formation efficiency [?]. High CCH/H13CO+ and
H13CN/H13CO+ ratios are good probes of photodissociation regions [?, ?].
Figure 6 [Figure 6: see original paper] shows these ratios in molecular cloud
G9.62+0.19 [?]. The ionized hydrogen region within the circular contour
in the lower right compresses the approximately spherical molecular cloud
into a hemispherical shape, ionizing or dispersing the other half. The pho-
todissociation region in the ionized hydrogen region is clearly connected to
the remaining molecular cloud and filamentary structures, indicating their
interaction and demonstrating that feedback from young stars affects gas
distribution. Zhang et al. [?] analyzed dense gas probe CS(2-1), classify-
ing regions by the presence or absence of radio recombination line H40𝛼
emission (tracing HII regions, i.e., young stars) to study whether early star
formation affects SFR. Star-forming regions with H40𝛼 emission show sub-
linear star formation laws (lower SFR), as shown in Figure 7a [Figure 7:
see original paper]. Figure 7b shows 𝐿𝑏𝑜𝑙/𝐿𝐶𝑆 versus galactocentric dis-
tance. Regions with HII regions have higher 𝐿𝑏𝑜𝑙/𝐿𝐶𝑆 ratios than those
without, and more evolved star-forming regions may have consumed more
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gas, leading to higher 𝐿𝑏𝑜𝑙/𝐿𝐶𝑆 values that don’t change with Galactic
environment. This demonstrates that feedback from young star forma-
tion affects gas distribution, but different factors have varying impacts in
different molecular cloud regions, creating complexity that requires more
high-resolution data for further study.

Current observations are generating more data: (1) Herschel Hi-GAL is an in-
frared survey project specifically targeting the Galactic plane, using the Herschel
Space Observatory’s powerful capabilities for unprecedented detailed observa-
tions of star-forming regions in the Milky Way. By observing dust continuum
emission and molecular lines in the Galactic plane, Herschel Hi-GAL obtains de-
tailed information on physical parameters (temperature, density, and chemical
composition) of star-forming regions, providing important data for validating
and developing star formation theories, including star formation laws. (2) The
MALATANG survey [?] uses the East Asian Observatory’s JCMT 15 m sub-
millimeter telescope to map HCN(4-3) and HCO+(4-3) in a sample of nearby
star-forming galaxies, covering approximately 50% of the galaxies’optical radii.
MALATANG is the first international project to systematically map high-𝐽
dense molecules in a large galaxy sample, providing a unique observational
database for star formation research, including dense molecular gas excitation,
star formation and its feedback, and especially dense gas and star formation
law studies, when combined with multi-wavelength data from molecular and
atomic gas, radio continuum, infrared spectroscopy, and X-ray radiation. (3)
The ATOMS project [?] uses the world’s largest millimeter-wave array ALMA to
obtain high-resolution observations of different molecular probes (HCO+, HCN,
H13CO+, CS, H13CN, etc.) in 146 star-forming regions in the Milky Way, plus
radio recombination line H40𝛼 and 3 mm continuum observations. ATOMS
sources form a diverse sample with wide spatial distribution in the Milky Way,
suitable for statistical studies of star formation under different physical condi-
tions. The ATOMS project provides large-sample, high-resolution gas mapping
for direct study of dense gas probes. These observational projects will play im-
portant roles in further research on the definition of dense gas traced by dense
gas probes, star formation efficiency, feedback from young star formation, and
explanations for linear phenomena in dense gas star formation laws.
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