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Abstract
Using archival CO line data and a catalog of HII regions, we performed a correlation analysis
between the brightness temperature of the CO line and number density of HII regions on the
longitudinal velocity diagram (LVD) of the Milky Way. The power-law index (exponent) of the
Kennicutt-Schmidt (KS) law for molecular gas is determined to be α=1.052±0.207 and 1.043±
0.119 for 12CO line data from the Nobeyama 45-m and Columbia 1.2-m Galactic plane surveys,
respectively. This result is consistent with the KS index currently determined for molecular gas
not only in the Milky Way, but also in spiral and starburst galaxies. We argue that an index
close to 1 is universal in favor of stochastic (spontaneous) star formation, but is inconsistent
with cloud collision models that predict a steeper index of α = 2. We also showed that the
efficiency of star formation in the Galactic Centre is an order of magnitude lower than that in
the disc.
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1 Introduction1

The trigger of star formation (SF) in the molecular clouds2

in the Galaxy has been one of the fundamental subjects of3

the ISM over the decades (Shu et al. 1987; Lada & Lada4

2003). There appear two major ideas: one scenario is the5

stochastic (spontaneous) SF by self-regulation mechanisms6

in individual molecular clouds due to the gravitational7

instability and/or sequential compression by expanding8

shells of HII regions (Elmegreen & Lada 1977; Myers9

2009; Hacar et al. 2023; Pineda et al. 2023). Another sce-10

nario is the external triggering by collisions of molecular11

clouds (Habe & Ohta 1992; Hasegawa et al. 1994; Kimura12

& Tosa 1996; Fukui et al. 2021).13

A possible way to clarify the SF mechanisms is to check14

the power-law index α of the Kennicutt-Schmidt (KS) law15

(Kennicutt & Evans 2012). The stochastic process predicts16

α= 1, where SFR is proportional to the density of clouds.17

The collision process requires α=2, where the SFR is pro-18

portional to the collision frequency of clouds, and hence to19

the square of number density of clouds. The current mea-20

surements have shown α∼1 in the Milky Way (Fuchs et al.21

2009; Sofue 2017; Sofue & Nakanishi 2017; Elia et al. 2022)22

and spiral galaxies (Komugi et al. 2006; Kennicutt & Evans23

2012), which indicated SFR more linearly proportional to24

the molecular gas density.25

The KS law in the Milky Way has been studied using26

the face-on maps of the molecular and HI gases and of HII27

regions (Sofue & Nakanishi 2017; Sofue 2017; Spilker et al.28

2021; Bacchini et al. 2019; Elia et al. 2022). Recent studies29

of the face-on transformation (FOT) from the radial veloc-30

ity to line-of-sight distance have shown that the derived gas31

distribution is highly sensitive to the rotation curve (RC)32

(Marasco et al. 2017; Fujita et al. 2023). So, we revisit33

the KS-law analysis by adopting the most recent rotation34

curve of the Galaxy (Sofue 2021). We also propose a new,35

simple and more direct method to derive the KS-law index36

using the longitude-velocity diagram (LVD) without em-37

ploying the FOT (Koda et al. 2016). By applying the new38

method, we determine the KS law index (exponent) for the39

molecular gas, and discuss the feasibility of the stochastic40

and collision models for the star formation.41

In the analysis, we use the archival data of 12CO -line42

emission from the FUGIN (Four-receiver system Unbiased43

Galactic plane Imaging survey with the Nobeyama 45-m44

telescope) (Umemoto et al. 2017), Galactic Centre sur-45

vey (Tokuyama et al. 2019), and Columbia 1.2-m Galactic46

plane survey (Dame et al. 2001), combined with the WISE47

(Wide-field Infrared Survey Explore) HII region catalogue48

(Anderson et al. 2014).49

Fig. 1. HII regions in the Galactic plane at |b| ≤ 0◦.2 from the WISE cata-
logue (Anderson et al. 2014) superposed on the LVD of CO-line brightness
constructed from the data by the Nobeyama 45-m FUGIN (Umemoto et al.
2017) and GC survey (Tokuyama et al. 2019). The bar indicates TB inK and
the contours are drawn at TB = 0.5 K.

2 Molecular-gas KS law using LVD 50

We perform correlation analysis on the LVD between the 51

number density of HII regions from the WISE catalogue 52

(Anderson et al. 2014) and the volume density of H2 53

molecules calculated from the Nobeyama CO-line surveys 54

(Umemoto et al. 2017; Tokuyama et al. 2019) in the inner 55

disc of the Milky Way. Correlation on the LVD is more 56

directly coupled to the data, bypassing the sophisticated 57

face-on transition procedures Koda et al. 2016. Figure 58

1 plots longitude-velocity positions of HII regions in the 59

Galactic plane superposed on the CO-line LVDs along the 60

Galactic plane (b = 0◦). As readily known (Hou & Han 61

2014), HII regions and CO line intensity are tightly corre- 62

lated in the LVD. 63

In our study we constrain the region of analysis in the 64

Galactic plane by using only the HII regions in the Galactic 65

plane at |b| ≤ 0◦.2 and CO LVD at b= 0◦. The region was 66

so chosen in order to avoid the uncertainty during the de- 67

termination process of the height from the Galactic plane 68

depending on the distance ambiguity. Thus we selected 69

492 HII regions, about 38% of the 1316 catalogued sources 70

with measurements of LSR velocities in the radio recombi- 71

nation lines (RRL). We then calculate the number density 72

N of HII regions and CO brightness temperature TB aver- 73

aged in every (l, v) grid with bin size δl× δv = 0◦.25× 10 74
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km s−1for Nobeyama and 2◦ × 5 km s−1for Columbia CO75

survey data.76

Using the thus obtained sets of N and TB, we calculate77

the volume densities ni of HII regions (i = HII) and H278

molecules (i= H2) by79

ni =
dNi

ds
=

dNi

dv

dv

ds
, (1)80

where v = vLSR is the LSR radial velocity and s is the81

distance from the Sun. Recalling NH2 = XCO

∫
TBdv, we82

have83

nH2 =XCOTB(dv/ds), (2)84

where XCO is the CO-to-H2 conversion factor assumed to85

be constant at 2× 1020 H2 cm−3 [K km s−1]−1 (Kohno &86

Sofue 2023). The velocity gradient, dv/ds, is calculated by87

dv/ds= (dV/dR−V/R)k
√

1− k2, (3)88

where R is the galacto-centric radius, V = V (R) is the89

rotation velocity, k = R0 sin l/R, and v and R are related90

by v = (V R0/R− V0) sin l. We adopt the most accurate91

rotation curve of the Milky Way (Sofue 2021; Sofue 2023).92

Then, we calculate the following values using the LVD:93

n∗
HII = (dNHII/dv)(dv/ds) (4)94

and95

n∗
H2

= nH2/XCO = TB(dv/ds). (5)96

These quantities are assumed to be proportional to the97

SFR and the molecular gas density, respectively, averaged98

in each δvLSR × δl bin. The obtained log n∗
HII is plotted99

against log n∗
H2

in figure 2. Except for the intensity scaling,100

the plots are equivalent to the KS plot.101

By the least-squares fitting to the plot, adopting the102

square of standard deviations (bars in the figures) as the103

statistical weight, we determined the KS-law index (slope104

in log-log plot). In table 1 we list the results obtained for105

different longitude ranges. The KS index α for molecular106

gas is α = 1.052± 0.207 for Nobeyama data in the inner107

disc at 50◦ ≥ l≥ 10◦ (figure 2, panel A), and 1.043±0.119108

for Columbia data in the entire disc avoiding the central109

region at |l| ≥ 10◦ (panel B). We find nearly equal value110

α= 0.939± 0.116 inside the 4-kpc molecular ring at 30◦ ≥111

|l| ≥ 10◦ (panel C) for the Columbia data, and a slightly112

smaller value 0.892± 0.319 outside (panel D).113

The Nobeyama data in the GC at |l| ≤ 2◦ (panel A,114

magenta crosses) show significantly lower number density115

of HII regions despite much higher gas density, showing116

an order of magnitude lower efficiency of star formation.117

Accordingly, the Columbia data in the central region at118

|l| ≤ 10◦ (magenta crosses and line in panel B), which are119

mixture of the GC and Galactic disc values, indicate lower120

HII density but with almost the same index of α=1.021± 121

0.110. The larger number of data points in panel B despite 122

the narrower longitude range is due to steeply increasing 123

velocity range toward the GC. 124

We emphasize that the present method uses LVDs di- 125

rectly, not intervened by the sophisticated FOT procedure 126

to convert the radial velocity to the distance, which in- 127

cludes the difficulty to discriminate far- and near-side solu- 128

tions. Therefore, the measured quantities are more reliable 129

compared to those using the current methods in so far as 130

the power-law index of the KS law is concerned. In table 1 131

we compare the result with the current determination for 132

the Milky Way and spir and starburst galaxies. 133

The here obtained volumetric index is slightly larger 134

than that those from the current FOT method for the 135

same CO data with α= 0.7 to 0.8 (table 1 lines 5 and 6). 136

Also, the surface index for the Milky Way lie at slightly 137

larger values of ∼ 1.15 (lines 7 to 9). Besides the Milky 138

Way, extensive studies about the KS-law have been ob- 139

tained in spiral galaxies also indicating mild indices of 140

α ≃ 0.8− 1.3, which are consistent with the present new 141

values. Therefore, we may state that the unity KS-law in- 142

dex is universal. For reference we calculated a simple mean 143

of the listed values except for lines 3 and 4 in table 1 as 144

⟨α⟩= 1.056± 0.192. 145

On the other hand, a steeper index around α∼ 1.5 has 146

been obtained for total gas including HI in spiral galaxies 147

(Kennicutt 1998; Kennicutt & De Los Reyes 2021) and in 148

the Milky Way (Sofue 2017; Sofue 2021). The KS index 149

for the Milky Way using the total surface gas density and 150

SFR from M dwarf stars also yielded αsur ∼ 1.4 (Fuchs 151

et al. 2009). The difference between the indices of the 152

molecular and total (H2 +HI) gas KS laws would be due 153

to the intervening phase transition from HI to H2 , and vice 154

versa. A more detailed analysis of the correlation between 155

HI and H2 is a subject for a separate paper. 156

3 Discussion 157

3.1 Comparison with KS laws by other methods 158

The KS law in the Galactic disc defined by the SFR plotted 159

against volume density of molecular gas ρ is given by 160

SFR=A
(
ρ/H2cm

−3
)α

[M⊙• y−1 kpc−3]. (6) 161

The 3D molecular gas maps of the Milky Way derived in 162

our earlier works based on the Columbia CO survey and 163

the Hou’s HII region catalogue (Hou et al. 2009) made it 164

possible to measure both the volume and surface densities 165

of the HII regions and molecular gas (Sofue 2017; Sofue & 166

Nakanishi 2017). The least-squares fit to the KS plot for 167

molecular gas yielded α = 0.78± 0.05 and log A = −2.6± 168
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Fig. 2. Plots of log n∗
H2

using the WISE HII region catalogue against log n∗
HII using: [A] Nobeyama 45-m 12CO at |l|=10◦−50◦ and GC |l|≤2◦ (magenta).

Grid size is δl× δv = 2◦ × 5 km s−1. [B] Columbia 1.2 m 12CO at |l| = 10◦ − 180◦ (black) and |l| ≤ 10◦ (magenta). Grid size is 0◦.25× 10km s−1. [C]
Columbia |l| = 10◦ − 30◦ inside 4 kpc. [D] Columbia |l| = 30◦ − 180◦ outside 4 kpc. Bars are standard deviations calculated for the linear values and are
converted to logarithmic scaling in the plot. The straight lines are the least-squares fit to the plots.

0.05 for the volume density and α= 1.12±0.05 for surface169

densities. More recent work for the surface-densities also170

obtained a value close to unity (Elia et al. 2022).171

On the other hand, during the course to derive face-on172

molecular gas maps of the inner Milky Way (Sofue 2023)173

based on the most accurate rotation curve (Sofue 2021),174

it was shown that the kinematical distance is highly sen-175

sitive to the adopted rotation curve. This often results176

in erroneous maps associated with artifact hole and/or177

over-condensation of gas near and along the tangent-point178

circle. It was also shown that the maps are strongly dis-179

turbed by the non-circular motion such as due to the 3-kpc180

expanding ring. These problems significantly disturb the181

KS-law analyses using the face-on maps.This consideration182

led us to seek for a more direct way to derive the KS law183

in the Milky Way without employing the face-on maps.184

3.2 Cloud-collision model with α= 2 185

We here consider the cloud collision process and expected 186

KS law. Let the radius of colliding clouds be rc, number 187

density nc, and velocity dispersion of the clouds vc. Then, 188

we have the mean free path 189

lc = (ncπr
2
c )

−1 (7) 190

and collision time 191

tc = lc/vc = (vcncπr
2
c )

−1. (8) 192

The corresponding SFR is calculated by 193

SFR =Mnct
−1
c = πMn2

cr
2
cvc, (9) 194

where M is the specific mass of stars born by one cloud 195

collision. If we assume that the stellar mass fraction born 196

from one colliding cloud is of the order of η=M/Mcloud ∼ 197

0.1 with the cloud mass Mcloud ∼ 105M⊙•, cloud radius rc ∼ 198
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Table 1. Molecular-gas KS index α (log-log slope) inferred from the correlation of number densities of HII-regions and molecular gas

density in the Milky Way and spiral galaxies.
Object Index α Method† Remarks

MW inner disc (50◦ ≥ l ≥ 10◦) 1.052± 0.207 Vol., LVD, Nobe.45m + WISE‡ This work (Fig. 2 panel A)
MW whole disc (|l| ≥ 10◦) 1.043± 0.119 Vol., LVD, Col.1.2m + WISE ibid (B)
MW inside 4-kpc ring (30◦ ≥ |l| ≥ 10◦) 0.939± 0.116 Vol., LVD, ibid ibid (C)
MW outside 4-kpc ring (|l|> 30◦) 0.892± 0.319 Vol., LVD, ibid ibid (D)
MW inside |l|< 10◦ 1.021± 0.110 Vol., LVD, ibid ibid (B)
Milky Way 0.78± 0.05 Vol., 3D, Col. 1.2m + Hou.† (Sofue 2017)
Milky Way 0.73 Vol. SFR (Bacchini et al. 2019)
Milky Way 1.12± 0.05 Surf. 3D, Col. 1.2m + Hou (Sofue 2017)
Milky Way 1.14± 0.07 Surf., face on (Elia et al. 2022)
MW Solar vici. 2 kpc 1.19± 0.09 Surf., local clouds & HII Fit to fig. 18 of Spilker et al. 2021

Galaxies: NGC/DDO 1.081 Volume (Kennicutt 1998)
NGC/starburst 1.4± 0.15 Surf. (Kennicutt & De Los Reyes 2021)
NGC/DDO 0.925 Surf. (Du et al. 2023)
NGC high mol. den. 1.33± 0.08 Surf. (Komugi et al. 2006)
UGC 0.99± 0.08 Surf. (Komugi et al. 2005, 2012)
NGC/IC/Mrk/Arp 1.0 Surf. mol. CO/HCN/IR (Gao & Solomon 2004)
Disc g’s 1.0± 0.15 Surf, ALMA CO (Leroy et al. 2013)
Submm g’s 0.81 - 0.84 Surf, sub-mm (Miettinen et al. 2017)
Interacting g’s 1.3± 0.04 Surf, CO obs. (Kaneko et al. 2022)

Simple average of all listed α 1.056± 0.192 (except lines 3, 4 and 5)

† Columbia 1.2 m (Dame et al. 2001), Hou et al catalogue (Hou et al. 2009), ‡ Nobeyama 45 m FUGIN and GC surveys (Umemoto et al.
2017; Tokuyama et al. 2019), WISE(Anderson et al. 2014)

10 pc, velocity dispersion vc ∼ 5 km s−1, and cloud density199

nc = (100 pc)−3, we obtain a collision time of the order200

of tc ∼ 20 My. In order for the SF to proceed after the201

collision, it takes further ∼ 3 to 4 My (Wu et al. 2015).202

These leads to a KS law with α = 2 and A ∼ 1.0× 10−3.203

However, not only the slope but also the amplitude do204

not fit the observed KS law in the Milky Way (Sofue &205

Nakanishi 2017) even if we adjust the efficiency η freely.206

So, we conclude that the cloud collision model does not207

apply in the Milky Way.208

On the other hand, there have been a number of reports209

about ’evidences’ for cloud-cloud collisions (Fukui et al.210

2021) (and many papers cited therein). If our conclusion is211

correct, such evidences must be explained by other means212

than collision. As to the morphological evidences about213

the cavity of molecular-gas maps and bridge features in214

position-velocity diagrams, we suggest that both can be215

created by a molecular shell driven by an expanding HII216

region around the central massive stars (Sofue 2023). As217

to the assumption that the clouds’ orbits are straight on218

the line of sight without angular momentum, there seems219

neither measurements of the transverse velocity, line-of-220

sight separation, nor the sense of approaching or receding,221

so that the orbits of the supposed colliding bodies are not 222

determined in dynamical point of view. Also, according 223

to the Galactic rotation, the reported mutual velocities of 224

5 to 30 km s−1allow for kinematic distance of ∼ 0.1 to 225

1 kpc between the two clouds. Therefore, unless these 226

issues are clarified, there seems to be room to consider 227

other possibilities than cloud collisions. 228

3.3 Stochastic star formation with α= 1 229

We have shown that the KS-law index of the Milky Way 230

is unity, α ≃ 1.0, which prefers the stochastic SF sce- 231

nario. A possible mechanism for stochastic SF is the 232

self-gravitational contraction of isolated molecular clouds, 233

which works in the scheme of the sequential star forma- 234

tion (Elmegreen & Lada 1977) and gravitational instabil- 235

ity in the hubs and filaments (Myers 2009).The growth (or 236

Jeans) time of instability in a molecular cloud of density 237

∼ 103−104 H2 cm−3 is tJ ∼
√

1/Gρ∼ 0.6−1.7 My. If this 238

time is regarded as the SF time, the stochastic SF is more 239

efficient than that presumed by cloud collision time longer 240

than a few My as above. 241

The global SFR is proportional to the number density 242

nc of clouds in the averaging bins with δl× δv, where the 243
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shape of the mass function of molecular clouds is assumed244

to be universal and the Jeans time of individual clouds245

with the same mass is equal to each other. On the other246

hand, the probability of SF in each cloud by gravitational247

collapse depends on the gas density and velocity dispersion248

inside each cloud, but not on the environment. The SFR249

averaged in an area sufficiently wider than clouds’ size is,250

therefore, simply proportional to the number density of251

clouds, or α = 1, which is indeed observed in the present252

analysis.253

3.4 Suppression of SF in the Galactic Centre254

Figure 2 showed that the SFR in the GC is comparable to255

that in the disc despite the much higher density of molec-256

ular gas. This indicates a significantly lower efficiency of257

star formation, in agreement with the current estimation258

of an order of magnitude lower star formation efficiency259

(Kruijssen et al. 2014; Barnes et al. 2017). Therefore,260

the SF in the GC is suppressed by some external actions261

such as the high magnetic pressure, fast differential ro-262

tation with strong shear, turbulence induced by explo-263

sive events in the nucleus, and/or external disturbance by264

falling gaseous debris from the merged companions.265

3.5 Limitation of the analysis266

We used the CO-line LVD along the Galactic plane at267

b = 0◦ for the molecular gas in order to represent the268

densest part of the disc and to avoid the complexity aris-269

ing from the mixture of gases at different distances and270

heights. Accordingly, we constrained the HII regions to271

near Galactic plane objects at |b| <∼ 0◦.2, typically h <∼ 20272

pc, by which about a half of the catalogued HII regions273

with RRL velocities was not used. This caused less num-274

ber of HII regions compared to the current studies, while275

it avoided the uncertainty arising from the uncertain dis-276

tances and heights.277

Another concern is the incompleteness of the catalogued278

HII regions caused by the detection limit of the RRL due to279

decreasing fluxes with the distance. This yields apparently280

decreasing density of HII regions beyond several kpc (Hou281

& Han 2014). On the other hand the detection limit of the282

CO-line does not depend on the distance in so far as the283

molecular disc is resolved. This situation results in missing284

HII regions for finite CO intensity regions beyond several285

kpc, so that the SFR there is underestimated, and may286

cause a systematic error in the slope.287

We checked this point by dividing the data into different288

longitudinal ranges, so that they represent data sets with289

different mean distances from the observer according to290

the lopsided location of the Sun in the Galaxy. As shown 291

in table 1, we do not find significant dependence of the 292

index on the regions. So, we consider here that the effect 293

is rather even or negligible, not strongly disturbing the 294

general property of KS index. However, in order to answer 295

this question ultimately, we have to wait for an HII region 296

catalogue sufficiently sensitive to the edge of the Galaxy. 297

4 Summary 298

By correlation analysis of the distributions of molecular 299

gas and HII regions in the longitude-velocity diagrams of 300

the Milky Way, we determined the KS index to be α≃ 1.0 301

in the Galaxy. The index is consistent with those derived 302

in spiral galaxies for molecular gas as listed in table 1. 303

The unity KS index is in favor for the stochastic (spon- 304

taneous) star formation by self-regulation in individual 305

molecular clouds, while it contradicts the cloud-collision 306

model. We also showed that the SFR in the Galactic 307

Centre is lower than that in the disc by an order of mag- 308

nitude, indicating anomalous suppression of SF. 309
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