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A B S T R A C T 

Numerical simulations predict that clumps ( ∼1 pc) should form stars at high efficiency to produce bound star clusters. We 
conducted a statistical study of 17 nearby cluster-forming clumps to examine the star formation rate and gas mass surface density 

relations (i.e. � SFR 

versus � gas ) at the clump scale. Using near-infrared point sources and Herschel dust continuum analysis, we 
obtained the radius, age, and stellar mass for most clusters in the ranges 0.5 −1.6 pc, 0.5 −1.5 Myr, 40 −500 M �, respectively, 
and also found that they are associated with � gas values ranging from 80 to 600 M � pc −2 . We obtained the best-fitting scaling 

relations as � SFR 

∝ � 

1 . 46 
gas and � SFR 

∝ ( � gas /t ff ) 0 . 80 for the studied sample of clumps. Comparing our results with existing 

scaling relations at cloud and extragalactic scales, we found that while the power-la w e xponent obtained in this work is similar 
to those found at these scales, the star formation rate surface densities are relatively higher for similar gas mass surface densities. 
From this work, we obtained instantaneous median star formation efficiency (SFE) and efficiency per free-fall time ( εff ) of 
∼20 per cent and ∼13 per cent, respectively, for the studied clumps. We discuss the cause of the obtained high SFE and εff in 

the studied clumps and also discuss the results in the context of bound cluster formation within molecular clouds. We conclude 
that our results do not fa v our a universal scaling law with a constant value of εff in star-forming systems across different scales. 

Key words: stars: formation – stars: luminosity function, mass function – ISM: clouds – ISM: structure – infrared: ISM –
galaxies: star clusters: general. 
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 I N T RO D U C T I O N  

he processes that regulate the conversion of gas into stars are still
east understood in molecular clouds (MCs), and so is the cluster 
ormation process. To understand the formation of stellar clusters, 
t is required to follow the sequence of interstellar processes from

Cs to clumps ( ∼1 pc) and cores ( � 0.1 pc). Ho we ver, in reality,
his sequential process of star formation is much more complex, 
nvolving filamentary structures of MCs and the relative role of 
ra vity, turb ulence, magnetic field, and stellar feedback that also 
aries with the scale size, i.e. from clouds to cores (Krumholz et al.
014 ; Krause et al. 2020 ; Pineda et al. 2022 ; Hacar et al. 2023 ;
awat et al. 2024b ). Along with the aforementioned factors, the 

adiation pressure from newly formed stars (acting mostly on dust) 
r enhanced thermal pressure from photoionized regions can halt the 
ass accretion to the clump or core, thereby affecting their outcome 
 E-mail: vinitrawat1996@gmail.com 
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2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
Krumholz, McKee & Bland-Hawthorn 2019 ). So, inquiring about 
he star formation rate (SFR) and how it changes at different stages of
loud evolution and spatial scale is a topic of interest, as it is essential
o develop a complete and universal description of star formation in
he Galaxy. In short, the quest is to understand whether star formation
s regulated by some large galactic-scale process or dominated by the
ocal conditions of the star-forming gas material in the region (Dib
t al. 2012 ; Eden et al. 2015 ; Zhou, Dib & Kroupa 2025 ). 

Stars form in groups, deeply embedded within dense clumps of 
olecular gas. The fate of a nascent stellar system, whether to

ecome an expanding association or to remain a bound cluster, 
s determined by how rapidly and effectively it disperses the gas
aterial of the clump/cloud. This process is controlled primarily by 

wo parameters: the efficiency of star formation and the time-scale 
n which the remaining gas is disrupted. It is suggested that, if the
as removal is rapid relative to the free-fall time, then more than
alf the mass must be in stars for the cluster to remain bound (Hills
980 ). On the other hand, a suf ficiently slo w mass-loss allows a
irialized stellar system to expand adiabatically and remain bound. 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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imulations suggest that the star formation efficiency (SFE) within
he cluster-forming region impacts the emergence of a rich and bound
luster (Goodwin & Bastian 2006 ; Dib et al. 2011 ; Dib et al. 2013 ;
een, Soler & Hennebelle 2017 ; Shukirgaliyev et al. 2017 ; Grudi ́c

t al. 2018 ; Krumholz et al. 2019 ; Li et al. 2019 ). In addition, it is
lso suggested that the primordial gas mass, structure, and density
rofile also plays a decisive role in massive stars and associated
luster formation (e.g. Bonnell & Bate 2006 ; Parker et al. 2014 ;
hen, Li & Vogelsberger 2021 ). To investigate how the amount of

otal gas scales with the total number of stars formed, it is important
o quantify the SFR and SFE of a star-forming region and understand
heir correlations with time-scales as well as spatial scales. 

The connection between the SFR and the gas mass is known as
he star formation scaling laws. Schmidt ( 1959 ) established, for the
rst time, that the SFR density is proportional to the square of the
ensity of the gas. Kennicutt ( 1998b ) investigated a global Schmidt
aw by measuring the projected SFR surface densities ( � SFR ) and
as mass surface densities ( � gas ) of 61 normal galaxies using H α,
 I , and CO observations. This relation at the extragalactic scale is
opularly known as the Kennicutt–Schmidt (KS) relation: 

 SFR = (2 . 5 ± 0 . 7) × 10 −4 

(
� gas 

1 M � pc −2 

)1 . 4 ±0 . 15 

×( M � yr −1 kpc −2 ) . (1) 

lthough large-scale studies offer crucial insights into the correlation
etween the o v erall properties of galaxies and the formation of stars,
he gas conversion into stars occurs ho we ver at a more localized
e vel, i.e. in MCs, do wn to much smaller scales (clumps and cores).
tudying the scaling relations in the MCs of our own Milky Way
alaxy offers the advantage of higher resolution than any other

xtragalactic clouds. Therefore, the clouds and the substructures
ithin them, along with the stars, can be better resolved and studied

t various scales. The earlier studies on scaling relations for MCs
n the Milky Way show higher slopes and � SFR values than the KS
elation, as well as broad distribution in the � SFR and � gas plot (Evans
eal et al. 2009 ; Heiderman et al. 2010 ; Lada, Lombardi & Alves
010 ; K ennicutt & Ev ans 2012 ; Lada et al. 2013 ; Evans, Heiderman
 Vutisalchavakul 2014 ). For example, Evans et al. ( 2009 ) and
eiderman et al. ( 2010 ) studied the SFR −gas mass relation for a

ample of nearby low-mass Galactic MCs using the Spitzer Cores
o Disks (c2d) and Gould Belt (GB) surv e y data, respectiv ely, and
ound that the SFRs in these Galactic clouds lie almost 20 −30 times
bo v e the KS relation. 

Krumholz, Dekel & McKee ( 2012 ) argued that � SFR is better
orrelated with � gas 

t ff 
, than � gas itself, where t ff is the free-fall time-

cale of the considered system. The relation between � SFR and � gas 

t ff 
s known as volumetric relation and is expressed as 

 SFR = εff 
� gas 

t ff 
, (2) 

here εff is known as the SFE per free-fall time and is a dimensionless
easure of the SFR. (Krumholz et al. 2012 ) find the best-fitting

alue for εff to be around 0.01 for data involving MCs in the
olar neighbourhood, Local Group galaxies, unresolved disks, and
tarburst galaxies in the local and high-redshift universe. Krumholz
t al. ( 2012 ) advocates for a universal star formation law across all
cales, in which MCs as well as galaxies as a whole convert their
ass into stars at a rate of ∼1 per cent of the mass per free-fall time.
Evans et al. ( 2014 ) tested the volumetric star formation relation

or 29 nearby MCs compiled from the Spitzer c2d and GB surv e y
ata, and argued that involving free-fall time does not reduce the
NRAS 540, 2377–2395 (2025) 
catter in � SFR − � gas relation. Evans et al. ( 2014 ) suggest that εff 

 0.01 does not predict the behaviour of SFRs on small scales
ithin MCs. Pokhrel et al. ( 2020 , 2021 ) re-investigated the scaling

elations in 12 nearby MCs and within single clouds using the
pitzer Extended Solar Neighborhood Archive (SESNA) catalogue
Gutermuth, Dunham & Offner 2019 ) and found a good correlation
etween � SFR and � gas . The authors also showed that the correlation
ecomes even stronger by including the free-fall time-scale in the
elation. Ov erall, the power-la w e xponent of the � SFR ∝ � 

N 
gas relation

hanges from 1.0 −1.5 at extragalactic scales (Bigiel et al. 2008 ;
ennicutt & Evans 2012 ; de los Reyes & Kennicutt 2019 ) to
.5 −2.0 at MC scales (Gutermuth et al. 2011 ; Lada et al. 2013 ;
vans et al. 2014 ; Das et al. 2021 ; Pokhrel et al. 2021 ). It is
orth noting that these scaling relations are derived using different
ethodologies and data sets (Table 1 ) and thus are sensitive to

dopted methodologies and data quality. For example, recent high-
esolution magnetohydrodynamic numerical simulations by Suin
t al. ( 2024 ) show that the sensitivity and resolution of observations
lay a significant role in setting the scaling relations. Simulations also
uggest various star formation proxies can systematically o v er- and
nderestimate the actual instantaneous εff at different times (Grudi ́c
t al. 2022 ). 

It is believed that the majority of stars in a MC, if not all, form in
tar clusters (Lada & Lada 2003 ). In MCs, the clumps are the actual
ites where clusters form, and cores are the sites where individual
tars form. Therefore, it is crucial to examine the behaviour of
caling relations from cloud-to-clump-to-core scales for a deeper
nderstanding of the key processes that go v ern and re gulate the
ormation of stars. In addition, understanding the SFR −gas mass
caling relations o v er different spatial scales is important for the
volution of the SFRs and SFEs from MCs to cores via clumps.
o we v er, v ery few studies on the scaling relations at the clump scale
ave been done so far (e.g. Heyer et al. 2016 ). In this work, we
xtend the studies on star formation scaling relations to clump scale
y measuring the star formation properties of a sample of clumps
osting embedded clusters (see Section 2 ) that are visible in near-
nfrared (NIR). We then discuss the obtained results in the context
f star and star cluster formation in MCs. This work is organized as
ollows: The data sets and sample selection are presented in Section 2 .
he results are presented and discussed in Section 3 . In Section 4 , we
iscuss the obtained scaling relations, as well as the SFE and SFR,
ith respect to the values obtained o v er various scales, and we also
iscuss the results in the context of cluster formation. In Section 5 ,
e summarize our work with concluding remarks. 

 DATA  USED  A N D  SAMPLE  SELECTI ON  

o determine the properties of embedded clusters, NIR photometric
ata ( J , H , and K) from the UKIDSS’s Galactic Plane Surv e y (GPS;
ucas et al. 2008 ) of DR10 was used in this work. This surv e y was
one using the Wide Field Camera (WFCAM; Casali et al. 2007 )
ounted on the United Kingdom Infra-Red Telescope (UKIRT) 3.8-
 telescope. The WFCAM has 4 Rockwell Hawaii-II 2048 × 2048
gCdTe detectors with a pixel scale of ∼0.4 arcsec, and have broad-
and ZY J H K filters and narrow-band H2 and Br γ filters (Casali
t al. 2007 ). The GPS surv e y has a resolution of around 1 arcsec and
 typical depth of 19.8, 19.0, and 18.1 mag in the J , H , and K bands,
espectively. In this work, only those point sources were used which
ave an error of less than 0.1 mag in all three bands. For sources
righter than the saturation limits of the UKIDSS GPS data, i.e. J 
 13.25, H = 12.75, and K = 12.0 mag (Lucas et al. 2008 ), the
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Table 1. Summary of scaling relations. 

Reference Scale size (pc) SFR tracer Gas mass tracer � SFR ∝ � 

N 
gas ; N 

Kennicutt ( 1998b ) extragalactic H α H I + CO 1.40 ± 0.15 
Bigiel et al. ( 2008 ) extragalactic ( ∼750) Spitzer mid-IR and FUV maps H I + CO 1.0 ± 0.2 
Evans et al. ( 2009 ) 3 −10 ( ∼ 6) a Spitzer c2d Extinction maps (c2d and 2MASS; 

240 ′′ ) 
–

Heiderman et al. ( 2010 ) 1.75 −15 ( ∼5.4) Spitzer c2d and GB Extinction maps (c2d and 2MASS; 
270 ′′ ) 

–

Heiderman et al. ( 2010 ) (clumps) 0.26 −11 ( ∼2.26) Total IR luminosity HCN ( J = 1 −0) 1.0 
Lada et al. ( 2010 ) 6 −66 ( ∼28) Spitzer c2d Extinction maps (2MASS) –
Evans et al. ( 2014 ) 1 −15 ( ∼4.3) Spitzer c2d and GB Extinction maps (c2d and 2MASS; 

270 ′′ ) 
–

Heyer et al. ( 2016 ) 0.15 −10.5 ( ∼1.5) Spitzer MIPSGAL surv e y 24 μm ATLASGAL 870 μm and NH 3 line 
emission 

–

Pokhrel et al. ( 2021 ) 11.5 ×12 . 0 −
142 . 2 ×163.7 

SESNA catalogue Herschel maps 2.0 

Elia et al. ( 2025 ) 2000 (Milky Way) 70 μm luminosity (Hi-GAL surv e y) CO 1.10 ± 0.06 

a The values quoted in the brackets are the mean scale sizes of the studied regions. 
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Table 2. Sample of clusters. 

No Name GLON GLAT D Ref. 
(degree) (degree) (kpc) 

1 IRAS 06063 + 2040 189.859 0.502 2.10 ± 0.42 1 
2 IRAS 06055 + 2039 189.769 0.336 2.10 ± 0.42 1 
3 IRAS 06068 + 2030 190.053 0.538 2.10 ± 0.42 1 
4 IRAS 22134 + 5834 103.875 1.856 1.50 ± 0.30 a 2 
5 IRAS 06056 + 2131 189.030 0.784 1.76 ± 0.35 1 
6 Sh2-255 IR 192.601 −0.047 1.96 ± 0.12 3 
7 [IBP2002] CC14 173.503 −0.060 1.80 ± 0.36 1 
8 IRAS 06058 + 2138 188.949 0.888 1.76 ± 0.35 1 
9 IRAS 06065 + 2124 189.232 0.895 2.00 ± 0.40 a 4 
10 NGC 2282 211.239 −0.421 1.70 ± 0.40 5 
11 IRAS 05490 + 2658 182.416 0.247 2.20 ± 0.44 1 
12 BFS 56 IR 217.373 −0.080 2.10 ± 0.42 a 6 
13 Sh2-88 61.472 0.095 2.06 ± 0.08 3 
14 IRAS 06103 + 1523 194.931 −1.210 2.00 ± 0.40 a 2 
15 IRAS 06104 + 1524A 194.926 −1.194 2.00 ± 0.40 a 2 
16 IRAS 06117 + 1901 191.916 0.822 2.20 ± 0.44 1 
17 IRAS 05480 + 2545 183.348 −0.576 2.10 ± 0.42 a 7 

References: [1] M ̀ege et al. ( 2021 ), [2] Maud et al. ( 2015 ), [3] M ́endez- 
Delgado et al. ( 2022 ), [4] Dutra & Bica ( 2001 ), [5] Dutta et al. ( 2015 ), [6] 
Elia et al. ( 2013 ), and [7] Henning et al. ( 1992 ). a For clusters without reported 
distance errors in the literature, we have assumed an average uncertainty of 
around 20 per cent. 
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hotometric values from the Two Micron All-Sk y Surv e y (2MASS)
IR data are used (Cutri et al. 2003 ). 
Since for measuring the SFR and SFE, both stellar mass and gas
ass are to be estimated, we thus selected clusters that are visible

n NIR and are also associated with cold dust. In NIR, although
MASS has provided a point source catalogue over the whole sky, 
eep NIR GPS surv e y, co v ers mostly the Galactic plane. Similarly,
ensitive cold dust continuum images are available for the Galactic 
lane from the Herschel Infrared Galactic Plane Surv e y (Hi-GAL; 
olinari et al. 2010 ). Therefore, in order to adopt a homogeneous

pproach for estimating stellar and dust properties, we restrict our 
ample to the Galactic plane within −2 ◦ < b < 2 ◦ encompassing
hese surv e ys. We also restrict our sample in the longitude range,
0 ◦ < l < 240 ◦, to a v oid sources in the Galactic bulge direction due
o high field star densities and high interstellar extinction that would 
ffect the determination of the cluster properties. We search for the 
mbedded cluster sample by simultaneously looking at NIR and far- 
R Galactic plane images using the ALADIN software (Baumann 
t al. 2022 ). While searching, we also consider that the clusters
hould not be part of a highly structured dusty environment for better
stimation of their boundaries and, thus, their properties. Therefore, 
ur sample is biased to those clusters that are largely situated in
solated cold clumpy structures, although in some cases, the clusters 
re found to be connected to extended structures in their outskirts. In
ddition, we restrict the cluster sample to be within 2.5 kpc, which
s primarily based on the mass sensitivity limit of the GPS surv e y.

e aimed to detect point sources down to at least 0.5 M � at 2.5 kpc
ith the typical data completeness of the GPS surv e y, so that we can

stimate the total stellar mass of the cluster by extrapolating to lower
asses (i.e. ∼0.1 M �) using the functional form of the initial mass

unction (IMF). Given that the typical median visual extinctions of 
oung clusters, ranging from a parsec to a few parsecs in size and aged
0.5–2 Myr, fall within 3 to 15 mag (see fig. 9 of Rawat et al. 2024a ),
e estimate that with the typical data completeness of the GPS surv e y

Lucas et al. 2008 ) at K-band, we would be able to detect 0.5 M �
ources up to 2.5 kpc. This detection limit holds even in regions with
 V = 20 mag for clusters as young as 0.5 Myr. Since the clusters are

ssociated with cold dust in the Herschel SPIRE bands and are also 
ither barely visible or invisible in optical images such as DSS-2 and
an-STARRS, most of the clusters in our sample are expected to be
oung. Thus, our initial estimate of an age of 0.5 −2 Myr seems to
e a reasonable assumption. We discuss more on the age estimation 
n Section 3.3 . With the aforementioned selection criteria, our final 
ample consists of 17 clusters in the distance range of 1.5–2.2 kpc,
hich are listed in Table 2 . 
For estimating the gas mass of the clumps (see Section 3.4 ), we

sed the Herschel column density (N(H 2 )) maps of the clumps made
ith the PPMAP technique by Marsh & Whitworth ( 2019 ). The
PMAP-based column density maps are constructed using the far- 

nfrared images of the Hi-GAL surv e y and are available 1 for the entire
alactic plane within a strip of around 2 degrees in latitude. The Hi-
AL data is taken with the Herschel PACS and SPIRE instruments at
avelengths 70, 160, 250, 350, and 500 μm with angular resolutions
f 8.5, 13.5, 18.2, 24.9, and 36.3 arcsec, respectively (Molinari et al.
010 ). The PPMAP provides the resolution of 12 ′′ that corresponds
o the spatial resolution of ∼ 0 . 08 −0.13 pc for the clumps studied in
MNRAS 540, 2377–2395 (2025) 
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M

Figure 1. (a) 2MASS and (b) UKIDSS NIR colour-composite (Red: K or K s band for 2MASS; Green: H band, and Blue: J band) image of IRAS 06063 + 

2040. The cyan dashed circle shows the extent of the cluster (see Section 3.1 ). (c) The Herschel 500 μm image of IRAS 06063 + 2040 along with contour levels 
at 20, 40, 80, 120, 160, 240, 320, 400, and 600 MJy sr −1 . 
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 ANALYSIS  A N D  RESULTS  

he present-day SFE is defined as the ratio of the total stellar mass
 M ∗) to the total mass of a star-forming region, i.e. stellar mass
lus present-day gas mass ( M ∗ + M gas ). The SFR is calculated as,
 ∗/t clust , where t clust is the age of the cluster. The identification and

ounting of young stellar objects (YSOs) and using the information
f their average mass and lifetimes is a direct way to quantify the
FR, which is known as the star-count method. In most of the
revious studies, the star-count method was mostly employed for
earby clouds ( < 1 kpc) (e.g.; Evans et al. 2009 ; Heiderman et al.
010 ; Lada et al. 2010 ) due to the low sensitivity of the Spitzer data at
arger distances. It is suggested that employing average mass and time
 v er MC scale may not be entirely accurate when star formation is not
niform in time (Dib et al. 2025 ). For distant star-forming regions,
ndirect tracers of the SFR are used like H α emission, ultraviolet
ontinuum, infrared luminosities, and radio continuum emission (see
he re vie w article by K ennicutt 1998a ; K ennicutt & Ev ans 2012 ). 

In this work, we explore the star formation properties of a sample
f cluster-forming regions of typical size around 1 pc. Below, we
resent the analysis steps that we applied to all the clusters in our
ample by showcasing the steps for an e x emplary cluster, i.e. IRAS
NRAS 540, 2377–2395 (2025) 
6063 + 2040. Fig. 1 (a)–(b) shows the three-colour RGB image of
RAS 06063 + 2040 in J H K bands from 2MASS and UKIDSS.
ig. 1 (c) shows the Herschel 500 μm image of IRAS 06063 + 2040,
howing the presence of cold dust in the cluster region. As can be
een, point sources in the UKIDSS images are more resolved and
icher compared to the 2MASS images, and the distribution of 500
m emission around the cluster suggests that the cluster is associated
ith cold dust. 

.1 Extent of the cluster 

n comparison to open clusters, defining the centre of young clusters
s much more difficult due to variable high extinction, nebulosity,
nd comple x shapes. F or assessing the shape and size of the cluster,
e selected data for a larger region around the geometric centre of

he cluster and plotted a tw o-dimensional k ernel density estimate
KDE) map with a bin width of 0.5–0.7. The region for making the
DE map is selected in such a way that there should be an ample
umber of stars to make a smoothened KDE map of the cluster.
he optimum bin width was chosen to have a good compromise
etween o v er - and under -smoothing density fluctuations, depending
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Figure 2. (a) A 2D density plot of the stellar distribution observed in the direction of the IRAS 06063 + 2040 cluster, with the cross symbol indicating the 
cluster centre taken at the peak density point. (b) The observed stellar surface density of IRAS 06063 + 2040 as a function of distance from the centre (cross 
symbol in panel-a). The red curve shows the best-fitting King’s profile along with 3 σ uncertainty as blue shaded region. The error bars at each point represent 
the Poisson uncertainties. The solid blue line shows the best-fitting background stellar density with 5 σ uncertainty as blue dashed lines. (c) Density plot of visual 
extinction of all the sources observed towards the direction of IRAS 06063 + 2040. 
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pon the data statistics in the cluster region. Then, we find the peak
ensity point using Gaussian KDE and choose these coordinates as 
he approximate centre of the cluster. Fig. 2 (a) shows the 2D density
lot of IRAS 06063 + 2040 with its peak density point marked with
 cross sign. 

To determine the ef fecti ve radius of the cluster ( R clust ), we
onstructed its radial density profile (RDP). To do this, we first
ivided the cluster into different annular rings from the centre. The 
adius of the annular rings from the centre was defined by the auto-
inning option of the PYPLOT module in MATPLOTLIB . Then, we 
ounted the stars in each radial bin and calculated the stellar density
n each annulus by dividing the total counts with the area of the
nnulus. Fig. 2 (b) shows the plot of stellar density as a function of
adius for IRAS 06063 + 2040. In order to obtain the radius of the
luster, we fitted the RDP with the empirical King’s profile (King 
962 ) of the form 

( r) ∝ b 0 + 

ρ0 [
1 + 

(
r 
r c 

)2 
] , (3) 

here b 0 , ρ0 , and r c are the background stellar density, peak stellar
ensity, and core radius of the cluster, respectively. The King’s profile 
t to the stellar density of IRAS 06063 + 2040 is shown in Fig. 2 (b),
nd the background stellar density is shown by a solid blue line.
he radius of the cluster is defined as the radial distance at which

he modelled stellar density lies 5 σ abo v e the background stellar
ensity. F or e xample, Fig. 1 (a)–(b) also shows the outer e xtent of the
RAS 06063 + 2040 cluster on the UKIDSS and 2MASS images. As
an be seen from the images, the stellar density beyond the cluster
oundary is very low and indistinguishable from the background 
ensity, implying that the chosen cluster radius abo v e 5 σ of the
ackground is a reasonable choice. 
For some clusters, we found that King’s profile does not com-

letely become flattened at the background stellar density, ei- 
her due to low statistics or confusion with other nearby stellar
roups/clusters. In such cases, we choose an optimum value from the
D stellar density map and also by visually inspecting the UKIDSS
IR images. The radius of all the clusters is given in Table 3 and lies

n the range of 0.5–1.6 pc. 
The photometric data can be incomplete towards the fainter end 

n the clustered environment due to stellar crowding and a bright
ackground. To determine the completeness of the UKIDSS NIR data 
ithin the cluster radius, the histogram turno v er method was used

for details, see Damian et al. 2021 ; Rawat et al. 2024a , and references
herein). This approach allows a determination of the approximated 
ompleteness limits. With this approach, the completeness limit for 
ost clusters within the cluster radius was found to be in the ranges

7.1 −18.3, 15.9 −17.5, and 15.6 −16.8 mag in the J , H , and K 

ands, respectively. 

.2 Extinction 

or deriving cluster properties, the contributions of field stars and 
xtinction in the direction of the cluster need to be determined.
MNRAS 540, 2377–2395 (2025) 
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M

Table 3. Clump physical properties. 

No Name R clust A V t clust M gas � gas n H 2 t ff 
(pc) (mag) (Myr) (M �) (M �pc −2 ) (cm 

−3 ) (Myr) 

1 IRAS 06063 + 2040 0.97 ± 0.19 6.0 0.750 ± 0.375 460 ± 253 155 ± 105 1732 ± 1403 0.74 ± 0.30 
2 IRAS 06055 + 2039 0.79 ± 0.16 8.6 0.750 ± 0.375 810 ± 446 410 ± 279 5628 ± 4559 0.41 ± 0.17 
3 IRAS 06068 + 2030 0.87 ± 0.17 5.1 0.50 ± 0.25 300 ± 165 126 ± 86 1564 ± 1267 0.78 ± 0.32 
4 IRAS 22134 + 5834 0.48 ± 0.10 7.5 1.50 ± 0.75 120 ± 66 167 ± 114 3796 ± 3075 0.50 ± 0.20 
5 IRAS 06056 + 2131 0.51 ± 0.10 8.5 0.50 ± 0.25 400 ± 220 485 ± 330 10 263 ± 8313 0.30 ± 0.12 
6 Sh2-255 IR 1.00 ± 0.06 10 1.0 ± 0.5 1400 ± 560 398 ± 167 4151 ± 1826 0.48 ± 0.11 
7 [IBP2002] CC14 0.57 ± 0.11 6.6 0.750 ± 0.375 210 ± 116 206 ± 140 3914 ± 3170 0.49 ± 0.20 
8 IRAS 06058 + 2138 0.62 ± 0.12 10.1 0.750 ± 0.375 580 ± 319 487 ± 331 8606 ± 6971 0.33 ± 0.13 
9 IRAS 06065 + 2124 0.64 ± 0.13 5.0 1.50 ± 0.75 150 ± 82 113 ± 77 1908 ± 1546 0.70 ± 0.29 
10 NGC 2282 0.84 ± 0.20 2.3 2.0 ± 1.0 170 ± 102 77 ± 58 996 ± 922 0.98 ± 0.49 
11 IRAS 05490 + 2658 1.02 ± 0.20 10.7 0.50 ± 0.25 930 ± 512 284 ± 193 3036 ± 2459 0.56 ± 0.23 
12 BFS 56 0.90 ± 0.18 8.4 1.0 ± 0.5 520 ± 286 215 ± 146 2670 ± 2163 0.60 ± 0.24 
13 Sh2-88 0.54 ± 0.02 8.5 0.30 ± 0.15 590 ± 230 653 ± 261 13 266 ± 5413 0.27 ± 0.05 
14 IRAS 06103 + 1523 0.46 ± 0.09 9.1 1.250 ± 0.625 450 ± 248 676 ± 460 30 778 ± 24 930 0.24 ± 0.10 
15 IRAS 06104 + 

1524A 

0.46 ± 0.09 7.3 1.0 ± 0.5 170 ± 94 258 ± 175 6095 ± 4937 0.39 ± 0.16 

16 IRAS 06117 + 1901 1.60 ± 0.32 3.1 1.50 ± 0.75 640 ± 352 80 ± 54 545 ± 441 1.32 ± 0.51 
17 IRAS 05480 + 2545 0.80 ± 0.16 6.4 0.750 ± 0.375 1100 ± 605 551 ± 375 7432 ± 6020 0.36 ± 0.14 

T  

a  

fi  

s  

t  

5  

T  

w  

e  

r  

H  

t

A

w  

s  

t
a  

&  

e  

e  

f  

+  

A  

m  

m

3

T  

m  

a  

t  

r  

K

w  

r  

o  

t  

m  

t  

b  

o  

i  

t  

K

o  

fi  

s  

t  

t  

K  

i
 

fi  

c  

f  

M  

a  

s  

c  

s  

d  

f  

t  

m  

K  

t  

m  

(  

s  

r  

t  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/3/2377/8133921 by guest on 22 February 2026
o assess extinction toward the cluster, following the commonly
dopted approach (e.g. Gutermuth et al. 2008 , 2009 ), a control
eld region near the cluster location that is relatively dust-free was
elected to e v aluate the median intrinsic colours of field stars in
he cluster’s direction. Large control fields with a radius of around
 −7 arcmin were used to get better statistics of the field population.
he photometric data of the control fields was selected in the same
ay as done for the cluster sample. We then estimated the visual

xtinction ( A V ) of the observed stars projected within the cluster
adius using the following equation and using the mean J − H and
 − K colours of the control field sources as the intrinsic colours of

he stars: 

 V = c × [( i − j ) − ( i − j ) 0 ]; i and j = J , H , and K, (4) 

here the mean colour of the control field sources ( i − j ) 0 is
ubtracted from the observed colours of the stars ( i − j ). Here, c is
he constant whose value is taken to be 9.34 and 15.98 for the J − H 

nd H − K s colour e xcesses, respectiv ely, by adopting the Rieke
 Lebofsky ( 1985 ) extinction laws. We then derived the median

xtinction of the cluster following the method adopted in Rawat
t al. ( 2024a ). Fig. 2 (c) shows the density plot of visual extinction
or IRAS 06063 + 2040. We find that the median A V for IRAS 06063
 2040 is around 6.0 ± 3.1 mag, with only 6 per cent sources having
 V greater than 20 mag. Following a similar analysis, we find the
edian A V values for the cluster sample to be in the range of 2–11
ag and are given in Table 3 . 

.3 K -band luminosity function and age estimation 

he K-band luminosity function (KLF) is the distribution of K-band
agnitudes of the sources, which can be used to estimate the proxy

ge of a cluster by matching the KLF of the observed cluster with
hat of the modelled clusters (for details, see Rawat et al. 2024a , and
eferences therein). Briefly, we adopt the following procedure. The
LF is expressed as 

d N 

d m 

= 

d N 

d M 

× d M ∗
d m 

, (5) 
NRAS 540, 2377–2395 (2025) 

K ∗ K 
here m K 

and M ∗ are the K-band luminosity and mass of the stars,
espectiv ely. In the abo v e equation, d N/d m K 

represents the number
f stars within a K-band magnitude bin, d N/d M ∗ corresponds to
he underlying stellar mass function, and d M ∗/ d m K 

describes the
ass–luminosity ( M − L ) relation. Thus, to determine the KLF of

he cluster, firstly, the contamination of the field stars was remo v ed
y subtracting the KLF of the control field population from that of the
bserved cluster population. We use the same control field discussed
n Section 3.2 to assess the field star population in the direction of
he cluster. The KLF of the control field is the distribution of the

-band magnitudes of the field stars reddened by the median A V 

f the cluster region. Fig. 3 (a) shows the KLF of the cluster before
eld subtraction and the KLF of the reddened control field with the
ame bin size. Since the size of the control field region is larger than
he size of the cluster region, the field sources are first normalized
o the cluster size at each bin and then subtracted from the cluster
LF to obtain the field-subtracted cluster KLF, which is also shown

n Fig. 3 (a). 
Then, for estimating the age ( t clust ) of a cluster, we compared the

eld-subtracted cluster KLF with the modelled KLFs of synthetic
lusters at different ages. We used the Stellar Population Interface
or Stellar Evolution and Atmospheres ( SPISEA ) python code (Hosek

atthew W. et al. 2020 ) to generate the synthetic clusters with
n age range of 0.1–3.0 Myr. The SPISEA code generates the
ynthetic clusters based on various input parameters such as initial
luster mass, distance, functional form of the IMF, metallicity,
tellar evolution models, atmosphere models, and extinction law (for
etails, see Hosek et al. 2020 ). The code randomly draws the stars
rom the chosen IMF until the total mass of stars reaches close
o the initial cluster mass. We generated synthetic clusters of solar
etallicity with photometric magnitudes in the UKIDSS J , H , and
 filters, at the adopted distances of the observed clusters, using

he MIST evolutionary models, a composite grid of atmospheric
odels, the Kroupa IMF, and the Rieke–Lebofsky extinction law

Rieke & Lebofsky 1985 ). The code generates all the stars at the
ame age, depending on the selected isochrone model. Since SPISEA

andomly generates sources for a cluster of a given age, to obtain
he median KLF of each age, we ran the simulation 200 times for
ach age. We then matched the observed KLF of each cluster with
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Figure 3. (a) K-band luminosity function of the IRAS 06063 + 2040 cluster (orange), reddened control field (blue), and control field subtracted cluster (green). 
(b) K-band density plots of synthetic clusters of age 0.1, 0.5, 1.0, 2.0, and 3.0 Myr, shown by solid curves. The dashed curve shows the control field subtracted 
K-band density plot of IRAS 06063 + 2040. The dashed grey line shows the completeness limit of the K-band data within the cluster region. 
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he synthetic KLFs of different ages, as discussed in (Rawat et al.
024a ). 
Fig. 3 (b) shows the KLFs of the synthetic clusters and the field

ubtracted KLF of IRAS 06063 + 2040. From the figure, it can be
een that the KLF of IRAS 06063 + 2040 lies close to the synthetic
LFs of age between 0.5 and 1.0 Myr. Therefore, we considered 
.75 Myr as the approximate age of the IRAS 06063 + 2040 cluster.
tar clusters can exhibit an age spread, which is not accounted for in

he SPISEA model. It is suggested that high-density molecular clumps 
ay yield clusters with smaller stellar age spreads than those formed 

y low-density clumps, and observations also support this hypothesis 
hat compact clusters tend to exhibit less age spread compared to 
xtended cluster-forming regions (Parmentier, Pfalzner & Grebel 
014 , and references therein). This could be the reason that the
bserved KLF in Fig. 3 b is distributed mainly between the 0.5 and
 Myr KLF of the synthetic clusters. We thus assigned a median
ge of 0.75 ± 0.25 Myr to IRAS 06063 + 2040, which also agrees
ith the age and age dispersion of the cluster obtained through an

ndependent method, which is described below. 
Following a similar analysis, we determined the ages of all the 

lusters, which are given in Table 3 . The ages of most of the clusters
ange from 0.5 to 1.5 Myr, suggesting that they are indeed young
lusters. We find that for the obtained age and median extinction of
he clusters, the K-band data are largely complete down to ∼0.2 M �

The age of young clusters is a fundamental parameter that is
mong the most uncertain and difficult to constrain (see Soderblom 

t al. 2014 , for a re vie w). The classic method for estimating the
ge is through the Hertzsprung–Russell diagram (HRD), where 
he positions of member stars are compared with the locations of
heoretical pre-main-sequence evolutionary tracks and isochrones. 
or embedded clusters, due to variable extinction (e.g. Getman et al. 
019 ), this method may work well if spectroscopic measurements 
re available for a significant number of stars. While for optically 
isible clusters with insignificant extinction variation, optical colour–
agnitude diagrams are often used to constrain age (e.g. P ande y

t al. 2013 ; Jose et al. 2017 ; Panwar et al. 2017 ). In the present
ork, due to the lack of spectroscopic information for the studied 

ample, we constrained the age of the clusters using KLF modelling. 
lthough KLF modelling is a proxy way for estimating the age, its
dvantage for embedded clusters is that it accounts for embedded 
ources in the age determination. For embedded clusters, using an 
ptical HRD may bias the estimated cluster age toward older values,
s young clusters and star-forming regions often contain stars at 
 arious e volutionary stages – ranging from evolved Class III sources
o embedded Class I sources (e.g. Allen et al. 2008 ; Samal et al. 2015 ;
ovich et al. 2016 ). Nonetheless, as a sanity check, we determined

he age of IRAS 06063 + 2040 by deriving the stellar properties of
he sources through spectral energy distribution (SED) modelling, 
here we fitted the observed SED with theoretical models to derive

he stellar properties and subsequently derived the age of the stars.
ED modelling with data points in optical bands better constrains 

he stellar properties. Therefore, we restrict the SED modelling to 
ources within the cluster radius that have measurements available in 
he optical bands, in addition to the infrared (1.0 −8 μm) bands. Doing
o, we estimated the median age of the cluster, based on 15 well-fitted
ources, to be ∼0.8 ± 0.4 Myr, which agrees well with the age derived 
rom the KLF modelling. This close agreement between the methods 
ay be accidental for IRAS 06063 + 2040, but this analysis suggests

hat, in the absence of better information on embedded sources, KLF
odelling is a reasonable approach for deriving cluster age. The 

etails of the SED modelling and age determination for IRAS 06063
 2040 are given in Appendix B . 
Moreo v er, we want to emphasize that the age determination of

 MC complex is also scale-dependent, as star formation models 
f collapsing clouds such as the global hierarchical collapse (GHC; 
 ́azquez-Semadeni et al. 2019 ) suggest that clouds collapse hierar-

hically from large-scale to small-scale, forming structures (such as 
laments, clumps, and cores) under the influence of global gravity. 
hese models suggest that global gravity results in ever-increasing 
ensities towards the cloud’s centre of potential via filamentary flows, 
esulting in older stars in the extended part of the cloud and young
assive stars/clusters in the hub, where filaments merge to form 

ense and massive clumps (e.g. see discussion in Rawat et al. 2023 ,
024c , for observ ational e vidence). In fact, based on photometric
nalysis, such a core-halo age gradient (e.g. Getman et al. 2018 ;
anwar et al. 2018 ) or evolutionary gradient (e.g. Rawat et al. 2023 )
MNRAS 540, 2377–2395 (2025) 
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Figure 4. The cluster mass distribution function of IRAS 06063 + 2040 
in which the error bars represent the ±√ 

N errors. The filled circles show 

the data points used for the least square fit with a power-law function, and 
the best-fitting index, 
, is ∼1.22 ± 0.16. The shaded region shows the 3 σ
uncertainty associated with the fitted index. 
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as been observed in young clusters and MCs, i.e. stars in the core
egions are younger than those in the halo or extended regions. All
hese results imply that the average age of a MC may differ from the
ge of the individual cluster-forming clumps. Thus, it is necessary to
etermine the age of the region of interest for a better estimation of
he SFR and SFE. 

Based on the error in age estimation for IRAS 06063 + 2040
i.e. ∼0.8 ± 0.4 Myr) from the SED fitting and the distribution in
LFs of the clusters, in this work, we have adopted an uncertainty of
0 per cent in the age estimation of all the clusters. We note that the
ges reported in Table 2 are the present average ages of the clusters
ithin their respective radii. 

.4 Gas properties of the clusters 

ne important term in the scaling relations is the gas mass of the
tar-forming regions. We calculated the gas mass ( M gas ) using the
erschel column density map and the following equation: 

 gas = μH 2 m H A pixel �N ( H 2 ) , (6) 

here μH 2 is the mean molecular weight of the hydrogen molecule
hat is taken to be 2.8 (Kauffmann et al. 2008 ), m H is the mass of
he hydrogen atom, A pixel is the area of the pixel, and �N ( H 2 ) is the
ntegrated column density. We estimated �N ( H 2 ) within the clump
oundary using PPMAP-based column density maps. Defining the
lump boundary in a cloud is a complex problem, as it depends
n parameters such as the resolution, tracer, and sensitivity of the
bservations. High-resolution data leads to more resolved structures,
hile low-resolution data can lead to massive structures. Similarly,
arm tracers generally trace more extended environments, whereas
illimetre wavelengths are better suited for tracing cold gas, which

s most rele v ant to star formation. In the present case, since most
lusters are of size > 0.5 pc; thus, we search for cold clumps
dentified with low-resolution (beam ∼33 ′′ ) 1.1-millimetre data from
he Bolocam Galactic Plane Surv e y (BGPS; Dunham et al. 2011 ),
round the stellar density peak. We found that for six sources, the
adii from the BGPS clumps are available and are found to be in close
greement with the corresponding cluster radii. We thus estimate the
as mass of the cluster within the cluster radius. The gas masses of
he clumps range from 120 to 1400 M �and are given in Table 3 .
he uncertainty associated with the gas mass of the clumps ranges

rom 39 per cent to 55 per cent, accounting for uncertainties in the
as-to-dust mass ratio, opacity index, and distance of the clumps (for
etails, see Rawat et al. 2023 ). Using M gas and R clust of the clumps,
he molecular gas mass surface density ( � gas ), number density ( n H 2 ),
nd free-fall time of the clumps are estimated by using the following
quations: 

 gas = 

M gas 

πR 

2 
clust 

, (7) 

 H 2 = 

3 M gas 

4 πR 

3 
clust μH 2 m H 

, (8) 

 ff = 

(
3 π

32 GμH 2 m H n H 2 

)1 / 2 

, (9) 

here G is the gravitational constant. All the physical parameters
f the clumps are listed in T able 3 . W e want to point out that
or the IRAS 05480 + 2545 cluster in our sample, the PPMAP-
ased map shows saturation at high-density regions. Therefore, we
sed the Hi-GAL column density map from Schisano et al. ( 2020 )
resolution ∼34 arcsec) for this particular cluster. We compared the
ass estimates derived from the column density maps of PPMAP
NRAS 540, 2377–2395 (2025) 
nd Schisano et al. ( 2020 ) for cluster FSR 655 (Rawat et al. 2024c ),
hown here in Figs 6 and 7 . By doing so, we found that the estimated
otal gas masses from both column density maps are comparable
ithin 20 per cent. 

.5 Cluster mass, star formation rate, and efficiency 

n this work, we have determined the age of individual clusters
sing their K-band luminosity functions. The theoretical mass–
uminosity (d M ∗/ d m K 

) relation corresponding to the age of a cluster
an be matched with its field-subtracted KLF ( K-band magnitude
istribution), to obtain the stellar mass distribution of the cluster.
hen, the total stellar mass of the cluster can be estimated by

ntegrating its mass distribution function (e.g. see Rawat et al.
024a ). We used the mass–luminosity relations from the MIST
tellar evolutionary models of solar metallicity (Choi et al. 2016 ),
nd e xtinction la ws of Rieke & Lebofsk y ( 1985 ) to get the mass
istribution corresponding to the KLF. Generally, a mass distribution
unction is described in the following logarithmic form: 

d N ( log M) 

d log M 

∝ M 

−
 . (10) 

lthough our data are complete abo v e 0.2 M � in most cases, to
 v oid any possible bias that may be introduced at the fainter mass
nd, we fitted the mass distribution at the high-mass end, i.e. mass >
.4 M �to obtain 
 v alues. The 
 v alues of all the clusters are found
o be within 2 σ error of the canonical value of 
, i.e. 1.3 (Kroupa
001 ) for the mass range of 0.4 M �< M < 8 M �. The 
 value
f 1.3 corresponds to the Kroupa index, α = 2.3 in the linear form
f Kroupa IMF (Kroupa 2001 ). F or e xample, the mass distribution
lot for IRAS 06063 + 2040 is shown in Fig. 4 , which is fitted with
 power-law of best-fitting index, 
 ∼1.22 ± 0.16. Since the best-
tted IMF slopes are within the uncertainty of the Kroupa slope, so
e used the Kroupa broken power-law to calculate the total stellar
ass of all the clusters. Briefly, we first integrated the IMFs of the

lusters with the Kroupa index for mass limits of 0.5–15 M � and



Scaling relations at clump scale 2385 

t  

K  

t  

i
 

a  

t  

0  

w
M  

d  

L  

i  

i  

t  

f
S  

o
s  

m  

s
=  

7  

s  

M  

c
i  

a  

a  

p
o  

a  

t  

t  

h  

t
o  

c
a
m  

f  

i
a  

c

3

O
c  

f  

2  

i
�  

a  

�  

m  

∼
�  

v  

P
A
(  Ta

bl
e 

4.
 

C
lu

st
er
 
pr

op
er

tie
s.
 

N
o 

N
am

e 
M

 ∗
SF

E
 

SF
R
 

�
 S

FR
 

�
 ga

s /
 t f

f 
S
 ν

lo
g ( N

 ly
c 

s −
1 

)
F
 gr

av
 

F
 ra

d 

(M
 �

) 
(M

 �
M

yr
 −1

 

) 
(M

 �
M

yr
 −1

 

pc
 −2

 

) 
(M

 �
M

yr
 −1

 

pc
 −2

 

) 
(m

Jy
) 

1 
IR

A
S 

06
06

3 
+ 

20
40

 
22

3 
±

24
 

0.
33

 
±

0.
12

 
29

7 
±

15
2 

10
1 

±
65

 
21

0 
±

16
6 

41
.0

9 
±

0.
69

 
46

.1
91

 
±

0.
00

9 
5.

5 
2 

IR
A

S 
06

05
5 

+ 
20

39
 

20
1 

±
22

 
0.

20
 
±

0.
09

 
26

8 
±

13
7 

13
7 

±
89

 
10

00
 
±

79
1 

11
9.

76
 
±

0.
35

 
46

.6
56

 
±

0.
00

6 
16

.2
 

3 
IR

A
S 

06
06

8 
+ 

20
30

 
83

 
±

7 
0.

22
 
±

0.
09

 
16

6 
±

84
 

70
 
±

45
 

16
2 

±
12

8 
76

.3
7 

±
0.

33
 

46
.4

60
 
±

0.
00

6 
2.

2 
4 

IR
A

S 
22

13
4 

+ 
58

34
 

12
5 

±
10

 
0.

51
 
±

0.
14

 
83

 
±

42
 

11
5 

±
76

 
33

4 
±

26
4 

3.
24

 
±

0.
20

 
44

.7
94

 
±

0.
02

7 
5.

4 
5 

IR
A

S 
06

05
6 

+ 
21

31
 

91
 
±

7 
0.

19
 
±

0.
08

 
18

2 
±

92
 

22
3 

±
14

3 
15

96
 
±

12
63

 
2.

71
 
±

0.
76

 
44

.9
09

 
±

0.
12

2 
48

.5
 

6 
Sh

2-
25

5 
IR

 
50

0 
±

50
 

0.
26

 
±

0.
08

 
50

0 
±

25
5 

15
9 

±
83

 
83

3 
±

39
5 

34
.1
 
±

3.
5 

46
.0

48
 
±

0.
04

5 
55

.0
 

7 
[I

B
P2

00
2]
 
C

C
14

 
47

 
±

5 
0.

18
 
±

0.
08

 
63

 
±

32
 

61
 
±

40
 

41
9 

±
33

1 
0.

02
4 

±
0.

00
2 

42
.8

22
 
±

0.
04

4 
55

.1
 

8 
IR

A
S 

06
05

8 
+ 

21
38

 
12

7 
±

16
 

0.
18

 
±

0.
08

 
16

9 
±

87
 

14
0 

±
90

 
14

76
 
±

11
61

 
1.

10
 
±

0.
11

 
44

.5
19

 
±

0.
04

4 
96

.1
 

9 
IR

A
S 

06
06

5 
+ 

21
24

 
43

 
±

4 
0.

22
 
±

0.
10

 
29

 
±

15
 

22
 
±

15
 

16
0 

±
12

7 
0.

01
4 

±
0.

00
1 

42
.6

79
 
±

0.
04

4 
24

.7
 

10
 

N
G

C
 
22

82
 

89
 
±

13
 

0.
34

 
±

0.
14

 
45

 
±

23
 

20
 
±

14
 

79
 
±

70
 

10
.3

0 
±

2.
20

 
45

.4
05

 
±

0.
09

3 
2.

1 
11

 
IR

A
S 

05
49

0 
+ 

26
58

 
22

0 
±

23
 

0.
19

 
±

0.
09

 
44

0 
±

22
5 

13
5 

±
87

 
50

8 
±

40
2 

1.
96

2 
±

0.
83

8 
44

.8
89

 
±

0.
18

6 
66

.8
 

12
 

B
FS

 
56

 
70

 
±

7 
0.

12
 
±

0.
06

 
70

 
±

36
 

28
 
±

18
 

36
1 

±
28

5 
0.

03
6 

±
0.

00
4 

43
.1

56
 
±

0.
04

4 
10

6.
4 

13
 

Sh
2-

88
 

12
2 

±
11

 
0.

17
 
±

0.
06

 
40

7 
±

20
7 

44
4 

±
22

8 
24

42
 
±

10
96

 
41

89
.0
 
±

59
.0
 

48
.1

60
 
±

0.
00

6 
3.

6 
14

 
IR

A
S 

06
10

3 
+ 

15
23

 
72

 
±

8 
0.

14
 
±

0.
07

 
58

 
±

30
 

87
 
±

56
 

27
50

 
±

21
76

 
1.

0 
±

0.
1 

44
.5

88
 
±

0.
04

4 
99

.2
 

15
 

IR
A

S 
06

10
4 

+ 
15

24
A
 

83
 
±

9 
0.

33
 
±

0.
12

 
83

 
±

43
 

12
5 

±
80

 
65

4 
±

51
8 

5.
73

 
±

0.
75

 
45

.2
91

 
±

0.
05

7 
7.

7 

16
 

IR
A

S 
06

11
7 

+ 
19

01
 

24
5 

±
26

 
0.

28
 
±

0.
11

 
16

3 
±

84
 

20
 
±

13
 

61
 
±

48
 

14
.3

4 
±

1.
43

 
45

.7
72

 
±

0.
04

4 
5.

8 
17

 
IR

A
S 

05
48

0 
+ 

25
45

 
81

 
±

9 
0.

07
 
±

0.
04

 
10

8 
±

55
 

54
 
±

35
 

15
43

 
±

12
21

 
0.

54
 
±

0.
05

 
44

.3
63

 
±

0.
04

4 
23

6.
1 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/3/2377/8133921 by guest on 22 February 2026
hen extrapolated it down to 0.1 M � using the functional form of the
roupa mass function. Doing so, we obtained the stellar masses of

he clusters in the range between 43 and 500 M � and these are listed
n Table 4 . 

Using M gas , M ∗, and t clust , we estimated the instantaneous SFR
nd SFE of the clusters. We find that the SFEs of the clusters lie in
he range of 0.07–0.51, with a mean and median around 0.23 and
.20, respectively. The SFRs lie in the range 29–500 M �Myr −1 ,
ith a mean and median around 184 M � Myr −1 and 163 M �
yr −1 , respectively. The spread in the SFEs may occur due to the

if ferent e volutionary stages of the clusters (e.g. Dib et al. 2011 ;
ee, Miville-Desch ̂ enes & Murray 2016 ). The SFE of a region

nitially rises with time as a result of star formation and later can
ncrease due to the decrease in the cluster’s gas mass caused by
he conversion of gas into stars and/or the dispersal of gas from
eedback mechanisms. The latter effect could bias the instantaneous 
FE due to the way it is defined. Therefore, the instantaneous SFE is
nly reliable for young star-forming regions, which are at the early 
tages and have significant gas mass left to form stars. In our case,
ost of the clusters are very young and associated with gas of high

urface density (gas with corresponding A V > 7 −8 mag or � gas 

 110 −130 M �pc −2 , see Table 3 ). In MCs, structures with A V >

 −8 mag are, in general, found to be the preferred sites of active
tar formation (Lada et al. 2010 ; Andr ́e 2017 ; Patra et al. 2022 ).

oreo v er, we find that stellar feedback is not yet significant in these
lumps to significantly affect star formation properties (discussed 
n Section 4.2 ). Therefore, in our case, the estimated SFE and SFR
re likely free from the biases discussed abo v e. The efficienc y can
lso be expressed as the fraction of gas mass converted into stars
er free-fall time, which is defined as εff = SFE × t ff /t clust . The εff 

f the clusters ranges from 0.03 to 0.34, with a mean and median
round 0.15 and 0.13, respectively. The variation of SFE and εff of
he clusters is shown in Fig. 5 with their � gas . Sh2-255 IR cluster has
he maximum SFR (i.e. ∼500 M �Myr −1 ), while IRAS 06065 + 2124
as the minimum SFR (i.e. ∼29 M �Myr −1 ). Ho we ver, we want
o emphasize that the measured SFE and SFR are instantaneous 
bserv ational v alues. If the clumps are part of dynamically e volving
louds, these instantaneous values are likely biased toward high SFEs 
nd SFRs, as the extended reservoir that could supply additional 
aterial to the clump is not accounted for. The measured star

ormation properties are given in Tables 3 and 4 and the uncertainties
n the estimated parameters are derived by propagating errors 
ssociated with the gas mass, stellar mass, distance, and age of the
lumps. 

.6 Scaling relations at clump scale 

bservational studies show that the number of young stars is 
orrelated with the gas density, which means that most of the YSOs
orm in the higher density structures of the cloud (Heiderman et al.
010 ; Lada et al. 2012 , 2013 ; Evans et al. 2014 ). Therefore, to
nvestigate the relation between the SFR and gas mass, we determined 
 SFR and � gas by dividing the SFR and gas mass from the projected

rea ( A clust = πR 

2 
clust ) of the clumps on the plane of the sky. The

 SFR and � gas values for all the clusters are given in Table 4 . The
ean and median � SFR of the clusters in our sample are ∼114 and
101 M � Myr −1 pc −2 , respectively, while the mean and median 
 gas are ∼314 and ∼258 M � pc −2 , respectively. Fig. 6 illustrates the

ariation of � SFR with � gas , which shows a positive correlation. The
earson correlation coefficient in the log–log scale is around 0.73. 
s discussed earlier, scaling relations follow a power-law relation 

 � SFR = A� 

N 
gas ), which in the logarithmic form can be expressed
MNRAS 540, 2377–2395 (2025) 
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Figure 5. The SFE and εff of the clusters plotted with their gas mass surface 
densities. 
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s 

log 

(
� SFR 

1M � Myr −1 pc −2 

)
= log A + N log 

(
� gas 

1M � pc −2 

)
. (11) 

o consider the errors in both axes, we adopted the Orthogonal
istance Regression (ODR) method (Boggs et al. 1988 ) to fit the
ata points. With ODR, the best-fitting N tuns out to be ∼1.46 ±
.28. In Fig. 6 , we also show the position of the young cluster FSR
55, studied by Rawat et al. ( 2024a ) using a method similar to the
ne employed in this work. 
The theoretical models (Krumholz & McKee 2005 ; Krumholz

t al. 2019 ) predict the dependence of SFR on the free-fall time of
he clouds. It has also been found observationally that the inclusion
f the free-fall time reduces the scatter in the SFR −gas mass relation
Krumholz et al. 2012 ; Pokhrel et al. 2021 ). This relation is the
olumetric star formation relation, which in logarithmic form can be
xpressed as 

log 

(
� SFR 

1M � Myr −1 pc −2 

)
= log A 

′ 

+ N 

′ log 

(
� gas /t ff 

1M � Myr −1 pc −2 

)
, (12) 

here t ff depends only on the volume density of the re gion. F or
he studied sample, we found that the � gas /t ff lies in the range of

61–2750 M � Myr −1 pc −2 with a mean and median around 858 M �
yr −1 pc −2 and 508 M �Myr −1 pc −2 , respecti vely. Fig. 7 sho ws the
 SFR versus � gas /t ff plot, which are well correlated with a Pearson’s

oefficient of ∼0.74. We fitted the relation with equation ( 12 ) using
he ODR method and found the best-fitting value of N 

′ as ∼0.80 ±
.15. The exponent value obtained for clumps matches well, within
NRAS 540, 2377–2395 (2025) 
he uncertainty, with the mean and median exponent values reported
y Pokhrel et al. ( 2021 ) (i.e. ∼0.94 and ∼0.99, respectively) for
olumetric star formation relation at the cloud scale. 

 DI SCUSSI ON  

.1 Comparison with existing star formation scaling relations 

s already discussed, several previous studies investigated the
caling relations at cloud scale or within single clouds (Evans et al.
009 ; Heiderman et al. 2010 ; Lada et al. 2010 ; Gutermuth et al.
011 ; Krumholz et al. 2012 ; Evans et al. 2014 ; Hony et al. 2015 ;
utisalchav akul, Ev ans & Heyer 2016 ; Das et al. 2021 ; Pokhrel et al.
021 ). It is important to acknowledge that the shapes of the scaling
elations are sensitive to the adopted methodologies (see Table 1 )
ue to systematic uncertainties and data quality. Therefore, we do
ot intend to directly compare the derived scaling relations with those
rom previous studies but instead want to analyse them in the context
f the trends observed in the aforementioned studies. These studies
ave been done over the nearby clouds ( < 1 kpc) and are based on
he star count method to determine the SFR. The aforementioned
tudies tested scaling relations in various forms and found different
ower-la w e xponents, which, up to some extent, can be attributed
o the differences in methodology, like data resolution, SFR tracers,
tting methods, gas tracers, and completeness of the YSO sample.
oreo v er, some of the studies found that there is relatively large

catter and loose correlation in the SFR −gas mass relation between
louds in comparison to within single clouds (e.g. Lada et al. 2013 ;
vans et al. 2014 ). 
In Fig. 8 , a comparison of the results of this work with the

xisting scaling relations at the extragalactic and cloud/clump scale
re shown. From the figure, it can be seen that although the value of
he exponent obtained in this work ( ∼1.5) is similar to the KS power-
a w inde x ( ∼1.4; Kennicutt 1998b ), the data points from our sample
f clumps lie well abo v e the KS relation. Fig. 8 also shows the linear
elation between � SFR and molecular gas surface density obtained
y Bigiel et al. ( 2008 ) for 18 nearby galaxies at ∼750 pc scales, with
 H 2 in the range of 3 −50 M � pc −2 . The data points of this work also

how much higher � SFR values than predicted by the linear relation
f Bigiel et al. ( 2008 ). The higher trend of scaling relations than the
xtragalactic ones has also been found at the cloud scale by other
bserv ational studies (Ev ans et al. 2009 ; Heiderman et al. 2010 ;
ada et al. 2010 ; Hony et al. 2015 ). From the figure, one can also
ee that our studied sample shows higher values in comparison to
earby clouds from c2d and GB surv e y (Evans et al. 2009 ; Heiderman
t al. 2010 ; Lada et al. 2010 ; Evans et al. 2014 ). Heiderman et al.
 2010 ) also examined the scaling relation for the youngest YSOs (e.g.
lass I) and found that their � SFR is higher than the values obtained
y including all the YSOs in the clouds, which is also shown in
ig. 8 . From the figure, it can also be seen that though the Class I
SO sample of Heiderman et al. ( 2010 ) is closest to our sample,

till the clumps within our sample exhibit higher values of � SFR 

ompared to their Class I YSO sample. As discussed earlier, the GB
urv e y traces low-mass star-forming clouds, which may influence the
eri ved v alues of the SFRs and SFEs. Pokhrel et al. ( 2021 ) studied 12
earby MCs and obtained the � SFR − � gas relation within individual
louds, with a mean and median power-la w e xponent of ∼2.00 and
2.08, respectively, and a cloud-to-cloud spread of ∼0.3 dex in � SFR 

t logarithmic scale. The obtained power-law exponent in this work
s shallower, but still consistent within 2 σ uncertainty. Ho we ver, as
an be seen from Fig. 8 , our cluster sample lies abo v e the Pokhrel
t al. ( 2021 ) scaling relation. As discussed in Suin et al. ( 2024 ), the



Scaling relations at clump scale 2387 

Figure 6. Variation of log � SFR with log � gas . The black line shows the ODR fit with a best-fitting power-law exponent of ∼1.5 along with 1 σ uncertainty 
shown as a green shaded region. The diamond symbol denotes the FSR 655 cluster studied in Rawat et al. ( 2024a ). 

Figure 7. Variation of log � SFR with log � gas /t ff . The black line shows the ODR fit with a best-fitting power-la w e xponent of ∼0.8 along with 1 σ uncertainty 
shown as a green shaded region. The diamond symbol is the same as in Fig. 6 . 
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ensitivity and resolution of the data influence the determination of 
he star formation properties and, consequently, the scaling relations. 
his is particularly true in the cluster environment, where the bright 
ackground affects the detection of the faint point sources in the 
pitzer bands compared to NIR bands (e.g. see fig. 13 of Rawat et al.
024a ). 
At the clump scale, Heiderman et al. ( 2010 ) investigated the

FR −gas mass relation in massive dense clumps (mean radius 
1.13 pc) from Wu et al. ( 2010 ) that are traced by HCN (1 −0)
olecular line data. The authors calculated the gas mass from HCN

nd SFR from infrared luminosities (8 −1000 μm) and obtained a
inear dependence of � SFR on � HCN , which is also shown in Fig. 8 .
rom the figure, it can be seen that our cluster sample lies abo v e

heir relation. In this case, more than half of the sample of Wu et al.
 2010 ) consists of clumps beyond 4 kpc. At large distances, some
aint low-mass stars might be missed, leading to an underestimation 
MNRAS 540, 2377–2395 (2025) 
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Figure 8. Comparison of the � SFR − � gas relation obtained in this work with existing relations in the literature. The solid coloured dots denote the clusters 
in our sample, as shown in Fig. 6 . The galactic-scale relations of Kennicutt ( 1998b ) and Bigiel et al. ( 2008 ) are shown by black dashed and blue solid lines, 
respectively. The Bigiel et al. ( 2008 )’s relation is extrapolated by a blue dotted line towards higher gas mass surface densities. The nearby clouds from Evans 
et al. ( 2009 ) (blue squares), Heiderman et al. ( 2010 ) (cyan triangles), Lada et al. ( 2010 ) (brown squares), and Evans et al. ( 2014 ) (pink squares) are shown. The 
black pluses show the � SFR − � gas values obtained for only Class I YSOs in the nearby clouds by Heiderman et al. ( 2010 ). The green solid line shows the 
relation obtained for HCN (1–0) massive dense clumps by Heiderman et al. ( 2010 ), which is extrapolated by a green dotted line towards lower gas mass surface 
densities. The teal pluses show the massive clumps from Heyer et al. ( 2016 ). The red dashed line shows the � SFR − � gas relation obtained by Pokhrel et al. 
( 2021 ), with a spread shown as a red shaded area (see the text for details). The mean � SFR − � gas in our sample is shown by a black solid star, and for other 
samples, the mean values are shown by open stars of the same colours as their corresponding sample. 
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f the SFR. The massive clumps from the study of Heyer et al.
 2016 ) are also shown in the figure, and it can be seen that few of
hem lie close to our cluster sample. Heyer et al. ( 2016 ) studied
tar formation scaling relations in massive clumps of the Milky
ay by selecting the clumps from APEX Telescope Large Area

urv e y of the Galaxy (ATLASGAL; Schuller et al. 2009 ) data and
inking them to the YSOs from the catalogue of Spitzer 24 μm

IPSGAL surv e y. The authors calculated the total gas mass from
he 870 μm flux and e v aluated the total stellar mass by sampling
he IMF and computed the SFR by dividing the inferred stellar

ass by time-scales of 0.5 Myr. Our sample shows higher values
n comparison to clumps studied by Heyer et al. ( 2016 ). A possible
xplanation is that due to the lower sensitivity of the MIPSGAL 24
m data, the mass sensitivity limit of the Heyer et al. ( 2016 )’s YSO
ample is only down to 2 M � In most of the clumps, they detected
nly one or a few protostars in 24 μm, which might have added
ncertainty in estimating the total stellar mass of the clumps in their
tudy. In addition, Heyer et al. ( 2016 )’s clumps are likely at earlier
volutionary stages compared to the clumps studied in this work. We
ant to emphasize that, although the NIR data used in this work are

argely complete down to 0.2M �, ho we v er, we hav e accounted for all
NRAS 540, 2377–2395 (2025) 
he stars down to 0.1 M �by extrapolating the IMF while estimating
he clusters’ properties. 

Fig. 9 shows the comparison of the volumetric star formation
elation obtained for cluster sample in this work with those observed
n some of the previous studies at the cloud scale. Similar to the
 SFR − � gas plot, it is clearly evident from the � SFR − � gas /t ff plot

hat our cluster sample lies abo v e the nearby clouds of previous
tudies (Heiderman et al. 2010 ; Lada et al. 2010 ; Evans et al.
014 ; Pokhrel et al. 2021 ). The obtained slope of the volumetric
tar formation relation for the cluster sample of this work is almost
he same as found in Pokhrel et al. ( 2021 ) (i.e. 0.94); ho we ver, it is
pparent from the figure that the trend line for our cluster sample lies
bo v e that of Pokhrel et al. ( 2021 )’s relation. Krumholz & McKee
 2005 ) theoretically derived the value of εff to be ≈ 0.01 for any
upersonically turbulent medium. At large scales (length ∼100 pc)
lso, the εff is found to be ≈ 0.01 in nearby galaxies using CO
olecular data and IR luminosities (see Che v ance et al. 2023 , and

eferences therein). For Galactic MCs, nearby galaxies, and high-
edshift galaxies, Krumholz et al. ( 2012 ) also observed a linear
elation between � SFR and � gas /t ff along with a εff value of ∼0.01,
hich they suggested would be roughly constant with a dispersion
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Figure 9. Comparison of log � SFR with log � gas /t ff . The coloured symbols, red dashed line, and red shaded region are the same as in Fig. 8 . The black solid 
line shows the relation of Krumholz et al. ( 2012 ) and denotes the εff of 0.01, and the black dashed lines show the εff of 0.001, 0.1, and 0.16, respectively. 
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f ∼0.3 dex (see also fig. 10 of Krumholz et al. 2019 ). The study
y Pokhrel et al. ( 2021 ) in nearby clouds, found εff in the range
f 0.010–0.043, with a median around 0.026, and did not find any
hreshold density abo v e which the εff rises significantly. Fig. 9 shows
hat although the best-fitting slope ( ∼0.8) found here fairly matches 
he linear relation of Krumholz et al. ( 2012 ) (shown by a solid black
ine) within the uncertainty, the εff for our cluster sample is higher 
han their obtained value of 0.01. While the mean εff value for our
luster sample is ∼0.15, fixing the slope of � SFR − � gas /t ff relation
o unity (i.e. � SFR ∝ � gas /t ff 

1 . 0 ), the best-fitting εff value from the 
DR regression fit comes around 0.16 (shown by a dashed black line

n Fig. 9 ), which is 16 times higher than the theoretical εff value of
0.01 (Krumholz & McKee 2005 ). 
Although the power-law exponent in � SFR − � gas relation for our 

luster sample is somewhat comparable with the previous studies 
ithin the uncertainty, the surface density values of the SFR at 

he same gas mass surface densities are relatively higher. These 
igh values of � SFR for our cluster sample can be explained by the
ollowing reasons: (i) the regions studied in this work are relatively 
uch smaller than those at extragalactic scales (Kennicutt 1998b ; 
igiel et al. 2008 ), (ii) our sample consists of cluster forming

e gions, i.e. activ e star-forming re gions; howev er, at cloud and mainly
 xtragalactic scales, av eraging o v er large re gions includes both
ctive and quiescent (i.e. diffused non-star-forming gas) star-forming 
egions. As a consequence, regions in our sample have higher SFRs
ithin smaller plane-of-sky projected surface areas, hence larger 
 SFR values. A less scatter in the SFR −gas mass relation found here

see Figs 8 and 9 ) can be explained by the adopted methodology for
alculating the total stellar mass and the narro w e volutionary spread
f the clumps, i.e. the ages of most of the embedded clusters are in
he range 0.5 −1.5 Myr. In this work, to get the total stellar mass, we
xtrapolated the IMF down to the low mass limit of ∼0.1 M � and
alculated the ages of the clusters as a whole by comparing them
ith the synthetic clusters of different ages. While, in some of the
revious studies, a single average mass ( ∼0.5 M �) and age ( ∼2 Myr)
or all YSOs were adopted (Evans et al. 2009 ; Heiderman et al.
010 ; Lada et al. 2010 ; Evans et al. 2014 ). To a v oid the uncertainty
aused by including the Class II YSOs, some of the previous studies
ncluded only young protostars (e.g. Class I) and found relatively 
etter correlation between � SFR and � gas (Heiderman et al. 2010 ;
ada et al. 2013 ; Lombardi, Lada & Alves 2013 ; Evans et al. 2014 ;
illis et al. 2015 ). 
Apart from the abo v e facts, in our cluster sample, except for

GC 2282 and IRAS 06117 + 1901, all other clusters have gas mass
urface densities greater than 110 M � pc −2 . A density threshold
f ∼ 110 −130 M �pc −2 (or 7 − 8A V ) has been suggested in the
iterature abo v e which the SFR varies linearly with the mass of
ense gas and is better correlated (Heiderman et al. 2010 ; Lada
t al. 2010 ; Evans et al. 2014 ; Das et al. 2021 ; Patra et al.
022 ). In fact, 14 out of 17 clusters in our sample have gas mass
urface densities � 130 M � pc −2 , which could also be a reason
or a better correlation of the SFR with gas mass in the present
ork. Simulations also suggest a better correlation between SFR 

nd gas mass at higher threshold density as a consequence of
arger gravitational influence (Burkhart et al. 2013 ; Sokolov et al.
019 ). 
MNRAS 540, 2377–2395 (2025) 
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M

Figure 10. Star formation efficiencies at cloud, clump, and core scales. The 
red line shows the SFE of 30 ± 10 per cent at the core scale (Alves, Lombardi 
& Lada 2007 ; K ̈on yv es et al. 2010 , 2015 ; Di Francesco et al. 2020 ; Zhou, 
Kroupa & Dib 2024a ), the blue line shows the SFE of 20 ± 6 per cent at 
the clump scale found in this work, and the green line shows the SFE of 2.6 
± 2.0 per cent at the cloud scale (Evans et al. 2009 ; Heiderman et al. 2010 ; 
Lada et al. 2010 ; Evans et al. 2014 ). The corresponding coloured shaded 
regions show the upper and lower limits of SFE at the respective scales. The 
mentioned range of cloud sizes is taken as the mean values from Table 1 . 
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Fig. 10 shows the plot of average SFEs with the gas mass surface
ensities of clouds, clumps, and cores. The mean SFE at the cloud
cale is taken from the studies of nearby clouds (Evans et al. 2009 ;
eiderman et al. 2010 ; Lada et al. 2010 ; Evans et al. 2014 ), which

re based on the star count method. From these studies, the SFE at
he MC scale turns out to be around 2.6 ± 2.0 per cent. At the clump
cale, the median SFE is around 20 ± 6.0 per cent, as obtained in
his work from a sample of 17 cluster-forming clumps. At the core
cale, the SFEs are indirectly derived from the similarity between
he shape of the dense core mass function and the stellar IMF for
 sample of nearby MCs and massive star-forming regions (Alves
t al. 2007 ; K ̈on yv es et al. 2010 , 2015 ; Di Francesco et al. 2020 ; Zhou
t al. 2024a ). These studies find that there is a one-to-one correlation
etween core and stellar masses, and the core-to-SFE is around 30

10 per cent. Understanding how SFE evolves from cloud scale
o core scale is of particular interest for the o v erall evolution of the

C. Our analysis reveals an increasing efficiency from cloud to core
cales, consistent with the hierarchical cloud structure model, where
fficiency increases with the average gas density from large-scale
louds down to dense cores (Elmegreen 2008 ). However, establishing
 definitive relationship between different scales and SFE would
equire a diverse sample spanning a broad range of surface densities,
patial scales, and evolutionary stages of clouds. 

.2 Possible reasons for high εff at clump scale 

n a recent work, Zamora-Aviles et al. ( 2024 ) simulated the collapse
f a hub-filament system cloud under self-gravity to test the star
ormation-gas mass relations and found a similar exponent value for
 SFR –� gas /t ff relation (i.e. ∼0.94), as found in this work. Zamora-
viles et al. ( 2024 ) suggest that the long lifetimes of clouds and

heir low SFE may not necessarily result from turbulent support
NRAS 540, 2377–2395 (2025) 
gainst the cloud collapse, as proposed in gra v o-turb ulent model
Krumholz & McKee 2005 , 2020 ), but could instead simply be a
onsequence of cloud collapse under gravity. The GHC (V ́azquez-
emadeni et al. 2019 ) model suggests that the cloud appears to have
 long lifetime because the accretion flows from low- to high-density
egions continuously replenish the gas material in high-density
egions to form stars. In this scenario, the SFR does not remain
onstant but increases o v er time till the stellar feedback becomes
ominant to disrupt the cloud material, and then the SFR decreases
V ́azquez-Semadeni et al. 2019 ). Zamora-Aviles et al. ( 2024 ) also
uggest that the observationally obtained SFR −gas mass relations at
loud scales (Pokhrel et al. 2021 ), characterized by low and nearly
onstant values of εff , can be explained within the framework of the
HC model. The reasons behind low εff could be the accelerating
FR in clouds and the small free-fall time of high-density regions
here stars are forming in comparison to the typical formation time
f stars (for e.g. t = 2 Myr for up to Class II YSO stage) (for more
etails, see Zamora-Aviles et al. 2024 ). Due to these factors, the
atios on which the εff depends, t ff 

t 
and M � 

M gas 
, would become very

mall and hence the low εff values. The authors argue that due to the
xponentially increasing SFR along with r −2 density profile, the total
tellar mass formed from dense gas al w ays remains smaller than the
otal gas mass of the whole region over which εff is calculated. 

Ho we ver, we note that in our study, cluster ages, t clust , are
etermined as a whole using the KLFs. As a result, in most cases, t clust 

s less than three times the t ff , unlike the simulation results of Zamora-
viles et al. ( 2024 ), where this ratio ranges from 12 to 17. Secondly,
hile it is true at the cloud scale that high-density star-forming
as comprises only a small fraction of the total cloud mass, the
urface density of most clumps in our sample exceeds 110 M � pc −2 .
herefore, in this work, clump gas masses predominantly consist of
ense gas, and as a result, the M � 

M gas 
ratio is not as low in our sample

f clumps. 
Like Zamora-Aviles et al. ( 2024 ), other studies also suggest that

he photoionization feedback and stellar winds from the massive
tars, in general, disperse the cloud material, thereby, significantly
educes the global star formation properties of a cloud (Dib et al.
011 ; Federrath & Klessen 2012 ; Dib et al. 2013 ; Dale et al. 2014 ;
een et al. 2015 ; Krumholz et al. 2019 ), although studies also suggest

hat feedback can also enhance star formation in some local regions
f MCs (Zavagno et al. 2010 ; Chauhan et al. 2011 ; Deharveng
t al. 2012 ; Samal et al. 2018 ). In a recent simulation, Suin et al.
 2024 ) show that εff varies with the gas mass surface density and
he evolution of the star-forming region and is also influenced by the
ocal environment, such as the presence of stellar feedback. 

The presence of massive stars and their effect can be traced by
easuring the thermal free-free radio continuum emission in a given

egion. Therefore, we obtained radio continuum images from the
RAO VLA Sk y Surv e y (NVSS; ν ∼1.4 GHz, beam ∼45 arcsec ×
5 arcsec) and NRAO VLA Archiv e Surv e y (NVAS; ν ∼1.4 GHz,
eam ∼45 arcsec × 45 arcsec) (Condon et al. 1998 ) to search for radio
mission in our cluster sample (e.g. shown in Fig. A1 for IRAS 06063
 2040). For clumps that have negligible emission at 1.4 GHz, we

earch for images at ∼5 GHz in the VLA archive, 2 observed with the
LA D-configuration wherever applicable, considering the extended
ature of the sources. For sources in which fluxes at both 1.4 and
 GHz are available, we prefer to use 5 GHz fluxes to minimize the
ffect of optical depth (e.g. Yadav et al. 2022 ) on the emission at
hese frequencies. We then calculated the integrated flux ( S ν) of the

http://www.vla.nrao.edu/astro/nvas/
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Figure 11. Ratio of gravitational to radiation pressure force for the clusters 
in our sample is shown. Dark blue bars represent values calculated using only 
the gas mass, while light blue bars include both gas and stellar mass in the 
calculation of F grav . 
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Figure 12. Comparison of log � SFR with log � gas / ( t ff × N Lyc ). The 
coloured symbols are the same as in Fig. 6 . 
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adio-emitting regions using the Gaussian fitting tool in CASA . In our
ample, we note that no radio emission was found for five sources
t both 1.4 and 5 GHz. In such cases, we estimated the integrated
ux from the images within the cluster radius and considered these 
uxes as the upper limit. The non-detection of radio emissions from
 few sources implies that they may be at an early evolutionary stage
f massive star formation. From the integrated flux, we estimated the 
yman continuum photons ( N Lyc ) associated with individual clusters, 
hose details are given in Appendix A . The S ν and N Lyc values for

he clusters are given in Table 4 . The log N Lyc range of 42.7–48.2
uggests that the strength of feedback is different across our cluster 
ample. 

As discussed abo v e, the ionizing radiation from massive stars can
ffect the SFE of the clusters by halting the collapse or unbinding
he gas present in the clump. Therefore, it is important to investigate
he relative strength of radiation pressure ( F rad ) and gravitational 
ressure ( F grav ) in the clumps. So, we calculated F rad and F grav using
he estimated N Lyc , mass, and radius of the clumps, following the
rescription given in Murray ( 2009 ) (for details, see Appendix A ),
nd their ratios are given in Table 4 . Fig. 11 shows the relative strength
f both the forces in our sample, and as can be seen, the F grav 

F rad 
is far

reater than 2 for majority of the clusters in our sample, suggesting
hat although H II regions have developed in the 12 clumps, the
lumps may still be collapsing and forming stars. As an example, 
e find that in the case of the Sh2-255 IR cluster in our sample,

lthough NIR point sources and radio emissions have been observed 
y Ojha et al. ( 2011 ), the region still hosts several compact millimetre
ores with no infrared point sources (Zinchenko et al. 2012 , 2018 ),
uggesting that stars are still forming in these clumps. 

To understand the role of stellar feedback on the obtained scaling 
elations of the clumps, we normalized their gas mass surface 
ensities by the associated number of Lyman continuum photons 
long with the free-fall time. Fig. 12 shows the variation of � SFR 

ith the � gas 

t ff N Lyc 
of the clusters. From the figure, it can be seen that

 SFR of the clusters remains flat with some evidence of a declining
rend at high Lyman continuum photons. Our results hints to the 
act that in young clusters like the ones studied in this work (i.e.
egions of high gas surface densities), the stellar feedback does 
ot seem to very significantly affect the star-formation properties. 
o we ver, we ackno wledge that gi ven the small e volutionary range
i.e. 0.5 −1.5 Myr for most of the sources) explored in this study and
lso the potential uncertainties associated with the age estimations, 
t is difficult to disentangle the effect of the evolutionary stages on
he star formation properties of the studied sample. A better sample
ith a wider age range would be valuable in this regard. Ho we ver, it

s worth noting that, in a recent work, Zhou, Dib & Kroupa ( 2024b )
ound that feedback does not seem to alter the dynamics of the gas
n protocluster-forming regions significantly. 

In summary, we believe that since our clumps are of compact size
ith high gas surface densities, currently actively forming stars, and 

he photoionization feedback effect is not yet significant, are the 
ikely cause of high SFEs and SFRs compared to other studies. Deep
IR and mid-IR observations (e.g. with JWST) of younger clumps, 

ike the ones explored by Heyer et al. ( 2016 ), would shed more light
n the effects of temporal evolution on the scaling relations at the
lump scale. 

.3 Implication on bound cluster formation and infant 
ortality 

s discussed in Section 1 , it is believed that the formation of bound
lusters strongly depends upon the efficiency by which the gas in
Cs or clumps gets converted into stars. Many simulations showed 

hat the bound fractions of newborn stars are tightly correlated with
he SFEs (e.g. Shukirgaliyev et al. 2017 ; Li et al. 2019 ; Fukushima
 Yajima 2021 ; Grudi ́c et al. 2021 ). Therefore, the SFE is a key

arameter for understanding the formation and early evolution of 
tar clusters. Simulations suggest massive bound clusters ( � 10 4 

 �) formation through either a high-mass gas assembly with a high
FE ( � 30 per cent) before the stellar feedback becomes significant
Dib et al. 2013 ; Longmore et al. 2014 ; Banerjee & Kroupa 2015 ;
rumholz et al. 2019 ), or gradual gas assembly and hierarchical
erger of small sub-clusters (Longmore et al. 2014 ; Krumholz et al.

019 ; V ́azquez-Semadeni et al. 2019 ; Polak et al. 2024 ; Zhou et al.
025 ). F or e xample, Guszejno v et al. ( 2022 ) simulated a MC of mass
2 × 10 4 M �and surface density ∼60 M � pc −2 and investigated its

volution o v er time by considering different physical f actors lik e
as pressure, magnetic field, turbulence, and stellar feedback. The 
uthors found that the cloud is able to form a cluster of mass ∼1.4

10 3 M � with an efficiency of around 7 per cent in 4 Myr of time
hrough the hierarchical assembly of gas, stars, and sub-clusters, 
dding rele v ance to the hierarchical scenario of cluster formation. At
MNRAS 540, 2377–2395 (2025) 
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round 6 Myr, the feedback starts to affect the cloud significantly and
isrupts the cloud in 8 Myr. Although it is still possible to form bound
lusters with low SFE, simulations in general suggest that massive
ound clusters, in particular the young (less than a few Myr) and
ompact ones, were most likely formed in regions with high SFEs
e.g. see discussion in Fujii 2015 ; Banerjee & Kroupa 2018 ). 

For the studied cluster-forming clumps, the median SFE is found
o be somewhat less than 0.3. As discussed abo v e, most simulations
uggest a high SFE ( ≥ 30 per cent) is necessary to form massive
ound clusters (Baumgardt & Kroupa 2007 ; Kruijssen 2012 ; Fujii
015 ). Thus, if these simulations are to be believed, the low efficiency
ound in the studied clumps suggests that the clusters within them
re unlikely to retain a significant fraction of bound stars as they age.
o we ver, we ackno wledge that if the dense gas clumps are part of the

arger cloud, they may remain gravitationally bound for a longer time
ith the continuous supply of matter and may continue to form stars.
lthough stellar feedback is not yet significant in these clusters, the

act that the median disc lifetime of young stars in young clusters is
ound to be around 2.5 Myr (see discussion in Rawat et al. 2024a , and
eferences therein), implies that the formation of young stars declines
ignificantly beyond 2.5 Myr. Thus, we do not expect a significant
ise in the SFE in most of these clusters, although simulations with
haracteristics of the studied sample are needed to ascertain this
ypothesis. Nevertheless, our results points to the fact that the low
FE of the cluster forming clumps in the Galactic plane could be a
ossible reason for the ‘infant mortality’ inferred from the statistics
f embedded to open clusters by Lada & Lada ( 2003 ), where a
igh fraction of young clusters/protoclusters dissolve in the Galactic
eld, and only a few per cent remain bound. Our results suggest

hat the formation of massive bound clusters likely requires a special
nvironment, such as the high-pressure conditions expected such as
n Galactic centre or in galaxy mergers or colliding substructures
hat compress a larger fraction of gas o v er short time-scales (e.g. see
iscussion in Kruijssen 2025 ), rather than the environment studied
n this work. 

 SUMMARY  A N D  C O N C L U D I N G  R E M A R K S  

e present the statistical analysis of a sample of 17 cluster-forming
lumps to investigate the relation between SFR and gas surface
ensity at the clump scale. We constrained our sample up to a
istance of 2.2 kpc for better characterization of cluster properties.
he UKIDSS NIR photometric data and Herschel dust continuum-
ased column density maps were used to derive various properties of
he clusters, such as extinction, age, stellar and gas mass, SFR, and
FE. The SFRs in our sample range from ∼29 to 500 M � Myr −1 , with
 mean around 184 M � Myr −1 . The instantaneous SFEs range from
0.07 to 0.51, with a mean around 0.23. The mean and median � gas 

f the clumps is ∼314 M � pc −2 and ∼258 M � pc −2 , respectively. 
We found that � SFR varies with � gas as � SFR ∝ � 

(1 . 46 ±0 . 28) 
gas in

he studied sample of cluster-forming clumps, and both quantities
re well correlated. The � SFR − � gas relation in this work lies well
bo v e most of the previously obtained relations at extragalactic,
loud, and clump scales. The volumetric star formation relation is
ound to be of the form � SFR ∝ ( � gas /t ff ) (0 . 80 ±0 . 15) , and it also lies
bo v e the previously obtained relations at the cloud scale. The mean
ff of clumps found in this work is around 15 per cent, which is
ignificantly higher than the constant efficiency per free-fall time
eported for nearby MCs (Krumholz & McKee 2005 ; Krumholz
t al. 2012 ). We suggest that the high values observed in the � SFR 

ersus � gas and � SFR versus � gas /t ff planes for the studied clumps
re likely due to the fact that we have studied the scaling relations
n compact clumps ( < 1.6 pc) with high gas surface densities that
NRAS 540, 2377–2395 (2025) 
re associated with active embedded star clusters. This also implies
hat star formation scaling relations may not be universal and depend
n local conditions, scales, and evolutionary status. Simulations also
uggest a higher star-formation rate per free-fall time in compact and
ense clouds than fiducial clouds (e.g. He, Ricotti & Geen 2019 ).
ost of the clumps in our sample have � gas � 110 M � pc −2 , and

he SFR −gas mass relations show a good correlation, which fa v ours
he conclusions of Lada et al. ( 2010 ), Heiderman et al. ( 2010 ), and
vans et al. ( 2014 ), that the SFR −gas mass relations become better
orrelated at higher threshold density. 

We find that the median SFE of the cluster-forming clumps is
ome what lo wer than the expected high SFE required for star clusters
o remain bound as they age, as suggested by simulations. Thus, the
tudied clusters might not survive violent gas expulsions to remain
ound for a longer time. 
Overall, our results do not fa v our a universal relation between SFR

nd gas mass that can explain the star formation process across all
cales, from galaxies and giant MCs to smaller structures like clouds
nd clumps. 
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Figure A1. UKIDSS colour-composite image of IRAS 06063 + 2040 o v er 
which the contours of ionized emission at 1.46 GHz and 70 μm emission 
are shown by green and white colours, respectively. The contour levels are 
shown abo v e 5 σ from the background. 
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PPENDI X  A :  I O N I Z E D  G A S  PROPERTIES  O F  

H E  CLUMPS  

ig. A1 shows the 1.46 GHz radio emission and 70 μm emission
 v er the UKIDSS image of IRAS 06063 + 2040. To calculate N Lyc 

rom S ν , we used the following relation (Rubin 1968 ) 

 Lyc = 4 . 76 × 10 48 

(
S ν

Jy 

) (
T e 

K 

)−0 . 45 ( ν

GHz 

)0 . 1 
(

d 

kpc 

)2 

, (A1) 

here T e is the electron temperature, ν is the frequency of the radio
mission, and d is the distance to the clumps. We adopted an average
alue of T e to be around 8200 ± 240 K from Quireza et al. ( 2006 ).
sing N Lyc and the masses and sizes of the clumps, the radiation

nd gravitational pressure forces for the clumps can be derived as
Murray 2009 ) 

 rad = 5 × 10 34 

(
L 

4 × 10 11 L �

)
dyn , (A2) 

 grav = 3 × 10 34 

(
M 

10 9 M �

)2 (1 kpc 

R 

)2 

dyn , (A3) 

here L is the luminosity of the ionizing source. We have taken the
uminosity values corresponding to the Lyman continuum photons
iven in Thompson ( 1984 ). 
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Scaling relations at clump scale 2395 
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PPEN D IX  B:  AG E  DETERMINATION  F RO M  

ED  M O D E L L I N G  

n order to validate the age estimation of the clusters from KLF
odelling, we accessed the age of IRAS 06063 + 2040 using SED
odelling. We used VOSA (VO Sed Analyzer; Bayo et al. 2008 ) tool,
hich has been ef fecti vely used to derive the stellar properties of
oung stars (e.g. Mu ̌zi ́c et al. 2019 ; Almendros-Abad et al. 2023 ;
upta et al. 2024 ). VOSA compares the observed fluxes with the

ynthetic photometry, looking for the best-fitting ef fecti ve tempera- 
ure ( T eff ), extinction ( A V ), and surface gravity (log( g )) combination.
or fitting, in addition to UKDISS data, we used optical to NIR data
rom Gaia DR3, Pan-STARRS, Spitzer , and WISE , as available in the
izier. We used the distance 2.2 ± 0.2 kpc, the BT-Settle atmospheric 
odels (Allard 2014 ), T eff o v er the range of 1000 −7000 K, and A V 

s 6 ± 3 mag. For objects showing excess in Spitzer photometry, 
ED fitting is performed o v er the shorter wavelengths; otherwise, 

he full available range is included in the fit. We used the log( g )
etween 3.5 and 5.0, which is suitable for young low-mass stars
nd the field stars; ho we ver, we note that the VOSA SED fitting
rocedure is largely insensitive to log( g ) (see Bayo et al. 2017 ). In
act, we find that, in general, the fits are not significantly affected by
ariations in log( g ). With the aforementioned approach, we derived 
f fecti ve temperatures and luminosities for the sources. The radii 
f our objects are calculated using the Stefan–Boltzmann equation, 
aking use of the luminosities and ef fecti ve temperatures pre viously

omputed by VOSA . With the derived stellar parameters, VOSA also 
rovides the age of the sources based on their position on the HRD
sing theoretical isochrones. To determine the age of the cluster, 
e keep only those sources with good SED fitting, i.e. sources with
gf b value less than 15. Vgf b is a modified reduced χ2 , calculated
y forcing that the observational errors are, at least, 10 per cent of
he observed flux. In general, Vgf b < 15 is usually considered as
2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
igure B1. Example of a SED fitting as generated by VOSA for IRAS 06063
 2040. The blue spectrum represents the theoretical model that fits best,
hile red dots represent the observed photometry. The black dots are affected
y IR excess and are not considered in fitting. 

 proxy for well-fitted SEDs (e.g. Rebassa-Mansergas et al. 2021 ;
ayak et al. 2024 ). We further remo v e the fore ground sources from

he sample by selecting sources whose J − H and H − K colours
re less than 0.8 and 0.25 mag, respectively. To identify foreground
ources, we compared the NIR colour–colour diagram of the cluster 
opulation with that of the control field population, as described in
awat et al. ( 2024a ), and selected sources based on this comparative
nalysis. With the aforementioned criteria, we are left with only 15
ources, whose median age was found to be 0.8 ± 0.4 Myr. Fig. B1
hows an e x emplary SED fitted with VOSA . 
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