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Abstract

We used the dendrogram algorithm to decompose the surface density distributions of stars into hierarchical structures. These structures were tied to the multiscale structures of star clusters. A similar power-law for the mass-size relation of star clusters measured at different scales suggests a self-similar structure of star clusters. We used the minimum spanning tree method to measure the separations between clusters and gas clumps in each massive star-forming region. The separations between clusters, between clumps, and between clusters and clumps were comparable, which indicates that the evolution from clump to embedded cluster proceeds in isolation and locally, and does not affect the surrounding objects significantly. By comparing the mass functions of the ATLASGAL clumps and the identified embedded clusters, we confirm that a constant star formation efficiency of ≈0.33 can be a typical value for the ATLASGAL clumps.
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1. Introduction
Massive star-forming regions (MSFRs) represent a major mode of star formation within the Galaxy (Lada & Lada 2003; Zinnecker & Yorke 2007; Motte et al. 2018; Dib 2023). Young stellar clusters within these regions can serve as progenitors for open clusters. It has been suggested that most if not all observed stars originate from embedded clusters (Kroupa 1995a,b, 2005; Lada & Lada 2003; Megeath et al. 2016; Dinnbier et al. 2022). Measurements of the internal structure and dynamics of young clusters and star-forming regions are necessary to fully understand the process of their formation and dynamical evolution.
The project called Massive Young Star-Forming Complex Study in Infrared and X-ray (MYStIX; Feigelson et al. 2013) examines 20 nearby (d < 3.6 kpc) MSFRs using a combination of archival Chandra X-ray imaging, 2MASS+UKIDSS near-IR (NIR), and Spitzer mid-IR (MIR) survey data. The MYStIX regions include the Orion nebula, the Flame nebula, W 40, RCW 36, NGC 2264, the Rosette nebula, the Lagoon nebula, NGC 2362, DR 21, RCW 38, NGC 6334, NGC 6357, the Eagle nebula, M 17, W 3, W 4, the Carina nebula, the Trifid nebula, NGC 3576, and NGC 1893, from which a sample of 31 784 MYStIX probable complex members (MPCMs; Broos et al. 2013) was obtained. This catalog of 31 784 young stars includes both high- and low-mass stars and disk-bearing and disk-free stars (Broos et al. 2013). Although the MYStIX samples are not complete, the young stars were identified in a uniform way for the different regions. This allowed a comparative analysis of the stellar populations in various regions. A comparison of the properties of a large cluster sample spanning a range of environments and ages enables inferences about processes such as gas removal, cluster expansion, subcluster mergers, dynamical boundedness and relaxation, and cluster dispersal, which all affect the spatial structure of clusters (Kuhn et al. 2014, 2015a,b).
In 17 of the MYStIX MSFRs, Kuhn et al. (2014) identified 142 subclusters of young stars using finite-mixture models. Their physical parameters were summarized in Kuhn et al. (2015b). Kuhn et al. (2015a) presented a census of the total intrinsic populations (estimated total numbers of OB and pre-main-sequence stars down to 0.1 M⊙) and the surface density distributions for these 17 MSFRs using catalogs of young stars. The observed surface densities for X-ray selected MPCMs were calculated using an adaptive-smoothing method and were then corrected to the intrinsic populations by dividing the observed surface densities by the detection fraction maps. These stellar surface density maps can thus be directly compared with each other. However, the structures observed in the surface density maps represent the projected distributions of stars within star-forming regions, leading to possible overlaps of physically separate star groups on the map. Additionally, some of the small dense subclusters might not be visible in the surface density maps. More details about these aspects are given in Kuhn et al. (2015a).
2. Method
Observations of MSFRs at various stages of their star-forming lifespan unveil diverse stellar cluster structures. Notably, a striking feature of the spatial distributions of young stars is their organization into clusters and subclusters. In addition to the main clusters within these regions, smaller stellar groups can be observed outside the main clusters, or even as subclusters within the main clusters (Lada & Lada 2003; Portegies Zwart et al. 2010; Krumholz et al. 2019). Stars form from hierarchically collapsing molecular clouds, which often results in clustered star formation that mirrors the intricate structure of the original molecular cloud. In a similar way to what Zhou et al. (2024a); Zhou et al. (2024b) reported for molecular clouds and clumps, we used the dendrogram algorithm to decompose the surface density distributions of stars into hierarchical structures. This revealed the multiscale structures of the star clusters.
3. Results and discussion
3.1. Dendrogram structures
We identified local embedded star clusters using the dendrogram algorithm according to the surface density distributions of stars derived in Kuhn et al. (2015a). As described in Rosolowsky et al. (2008), the dendrogram algorithm can decompose the density maps into hierarchical structures called branches and leaves (here, clusters and their subclusters). The astrodendro package1 includes three main input parameters for the dendrogram algorithm: min_value for the minimum value to be considered in the dataset, min_delta for a leaf that can be considered as an independent entity, and min_npix for the minimum area of a structure.
In some observations, the cluster size was measured by the length scale over which the density profile exceeds twice the standard deviation of the surface density in the surrounding field (Lada et al. 1991; Carpenter 2000; Kumar et al. 2006). According to the surface density map, we estimated the mean value of the low-density regions located at the edge as the background density, that is, Σrms, then we set the parameters min_value = 2*Σrms and min_delta = 2*Σrms. The identification is not sensitive to these two parameters. Taking 5*Σrms does not change the results significantly. The number of the extracted structures in the two cases are very similar because the stellar surface density of local subclusters is much higher than the background stellar surface density (Σrms). The mass of the smallest stellar group observed in Kuhn et al. (2015b) is ≈5 M⊙, according to the initial mass–radius relation of embedded clusters deduced by Marks & Kroupa (2012), that is,
[image: thumbnail](1)
where rh and Mecl are the half-mass radius and the mass in stars of the embedded cluster, and the corresponding minimum radius rmin of an embedded cluster is ≈0.12 pc. The minimum area can be calculated by [image: equation], which is used to fix the parameter min_npix. Figure 1 displays an example that shows the hierarchical structures of the clusters in NGC 6334, decomposed by the dendrogram algorithm.
	[image: thumbnail]	Fig. 1. Hierarchical structures of the clusters in NGC 6334. (a) The background is the surface density of stars. The black and orange contours show the masks of leaf and branch clusters, respectively. The magenta, red, and cyan cycles are the approximated ellipses with effective radii Reff, Reff, 1, and Reff, 2 defined in Sect. 3.3, respectively. (b) The dendrogram tree shows the hierarchical cluster structures.



3.2. Cluster mass
The astrodendro package can output the mask of each structure, which can be directly used to calculate the physical quantities of the identified structures. The area of each pixel is A0 (unit: pixel2), and the number of pixels included in a mask is n. The mass of a cluster is then
[image: thumbnail](2)
where we assumed that the average mass of stars in a cluster is 0.5 M⊙. Σi is the surface density of stars in a pixel (unit: ns/pixel2), with ns the number of stars per pixel. The effective radius of the cluster is given by Reff = n * A0/π.
The algorithm can also approximate the morphology of each structure as an ellipse. In the dendrogram algorithm, the long and short axes of an ellipse, a and b, are the rms sizes in radians (second moments) of the density distribution along the two spatial dimensions. However, as shown in Fig. 1, a and b give an ellipse that is much smaller than the size of the identified structure, but multiplying by a factor of 2.5 is appropriate to cover the structure (Zhou et al. 2024a,b). The effective physical radius of an ellipse is then [image: equation], with d being the distance to each star-forming region. The elliptical mask can also be used to calculate the mass using Eq. (2).
Fig. 2 shows that similar calculation results are obtained with the original or the elliptical mask. Moreover, the radii and masses of leaf clusters are systematically smaller and lower than those of the subclusters in Table 1 of Kuhn et al. (2015b). Thus, they systematically move down to the lower left side. In Fig. 1(a), the branch clusters present a complex morphology, and thus, only the original mask was used to do the calculations.
	[image: thumbnail]	Fig. 2. Leaf clusters with the radii and masses calculated by the original mask and the elliptical mask (blue and orange pluses). The cyan dots show the subclusters in Table 1 of Kuhn et al. (2015b).



3.3. Self-similar mass-size relations
Fig. 3 shows that after the observed radii are unified to the half-mass radii (Zhou et al. 2024c), the embedded clusters in the catalogs of Lada et al. (1991); Carpenter et al. (1993); Lada & Lada (2003); Carpenter (2000); Kumar et al. (2006); Faustini et al. (2009) are quite comparable with the leaf clusters identified in this work. Their mass-size relations have almost the same slope, ≈0.33.
	[image: thumbnail]	Fig. 3. Mass-size relations of leaf clusters (red plus) identified in this work fit by the dashed red line, and embedded clusters (colored squares) in the catalogs of Lada et al. (1991); Carpenter et al. (1993); Lada & Lada (2003); Carpenter (2000); Kumar et al. (2006); Faustini et al. (2009) fit by the dashed black line. The slope for all is ≈0.33.



As marked in Fig. 1(a) by colored ellipses, we calculated the physical parameters of leaf clusters by taking the effective radius of the ellipse as [image: equation], [image: equation], and [image: equation]. As shown in Fig. 4(a), for these three cases, the data points mainly move down to the lower left side along the line of the mass-size relation with a constant slope of ≈0.3. Therefore, the slope of the mass-size relation is independent of the cluster radius and mass measurements, implying self-similar cluster structures. Interestingly, when the three different radii and mass measurements are mixed together, a steeper mass-size relation is obtained, similar to the mass-size relation found by Pfalzner et al. (2016).
	[image: thumbnail]	Fig. 4. Mass-size relation of star clusters measured at different scales. (a) Red, green, and blue pluses represent leaf clusters with effective radii Reff, Reff, 1, and Reff, 2 defined in Sect. 3.3 and marked by colored ellipses in Fig. 1(a), respectively. (b) Magenta, cyan, and red pluses represent branch clusters, which are the subclusters in Table 1 of Kuhn et al. (2015b), and leaf clusters, respectively. k and r are the slope of the mass-size relation and the Pearson correlation coefficient, respectively.



Branch clusters are the complexes of leaf clusters. As shown in Fig. 4(b), they follow a similar trend as those shown in Fig. 4(a). When leaf and branch clusters were mixed atogether, we again obtained the steeper mass-size relation. The data points in Table 1 of Kuhn et al. (2015b) also follow this trend, although they were identified and measured with completely different methods. The radii and masses of the subclusters in Kuhn et al. (2015b) are quite comparable with the middle-scale branch clusters in this work, and they have similar slopes for the mass-size relations in Fig. 4(b).
In conclusion, different measurements for embedded clusters at different scales and ages give comparable mass-size relations. Here and in Kuhn et al. (2015b), a unified measurement of the samples results in a shallower slope for the mass-size relation. In contrast, when different measurements at different scales are mixed, the mass-size relation is always steeper. Although the mixing may not make sense, it is unavoidable when different catalogs from different observations are collected together. Thus, in Zhou et al. (2024c), we unified the observed radii from different observations to the half-mass radii using the templates obtained from direct N-body simulations. In this work, the unified measurement of the samples from the MYStIX project and the unified identification of the clusters effectively avoids this issue.
The exponent k ≈ 0.33 in Figs. 3 and 4(a) indicates a uniform distribution of the mass through the scale if the structures were to be roundish. This is consistent with the suggestions made in Zhou et al. (2024c), namely that all subclusters initially have a Plummer profile. The Plummer radius serves as a measure of the core radius, which is the region where the density remains relatively constant. For a Plummer profile with the Plummer radius rpl, the mass within the radius r is given by
[image: thumbnail](3)
Thus, different radii in different observations can be unified to the half-mass radii. This operation does not change the slope of the mass-size relation, which only shifts the line of the mass-size relation, as shown in Fig. 4(a).
3.4. Isolated evolution
It remains controversial whether massive clusters are formed by the merger of clusters with lower masses. If there is a considerable merger between embedded clusters, we expect the separations between embedded clusters to be significantly smaller than their precursors, that is, clumps. In order to test this hypothesis, we used the clumps from the ATLASGAL survey, which provides the most well-characterized currently available sample of high-mass star-forming clumps (Urquhart et al. 2022). Seven of the 17 MSFRs are covered in the ATLASGAL survey, which are the Lagoon nebula, NGC 6334, NGC 6357, the Eagle nebula, M 17, the Carina nebula, and the Trifid nebula. We only considered the clumps contained in the fields of view of the MYStIX project. We also filtered out clumps whose kinematic distances differed significantly from the distance of the corresponding massive star-forming region. In Fig. 5, the minimum spanning tree (MST) method (Cartwright & Whitworth 2004; Dib et al. 2018; Dib & Henning 2019) was used to measure the separation between each two neighboring objects (between clusters, between clumps, and between clusters and clumps). Interestingly, in Table 1 and Fig. 6, the peak values of the separation distributions in three cases are comparable. This indicates the following:
Table 1. 
Median spacing between clusters, between clumps, and between clusters and clumps within each massive star-forming region.


	
The evolution from clump to embedded cluster is fixed at the initial position of the clump. There is no significant positional change between the embedded cluster and its precursor, as illustrated in Fig. 7.



	
There is no significant merger between embedded clusters for the samples in the MYStIX project.



	
Feedback from embedded clusters does not redistribute the surrounding clumps, consistent with the conclusions in Zhou et al. (2024a); Zhou et al. (2024b): Feedback from embedded clusters does not significantly change the physical properties of the surrounding dense gas structures.




In short, the evolution from a clump to an embedded cluster proceeds in isolation and locally, with no significant effect on the surrounding objects. Neither does the well-established mmax − Mecl relation (Larson 2003; Bonnell et al. 2004; Weidner & Kroupa 2006; Weidner et al. 2013; Stephens et al. 2017; Yan et al. 2023), a correlation between the embedded star cluster mass Mecl and the mass of the most massive star mmax, support the hypothesis that mergers during the formation of embedded clusters are common. Using Gaia DR2 data, Kuhn et al. (2019) investigated the kinematics of some subclusters identified in Kuhn et al. (2014), They found no evidence that these groups are merging. We note that the imbalanced populations of star clusters and clumps in terms of numbers may impact the statistics of the spacing. More samples are necessary for further validation.
3.5. Star formation efficiency
The massive star-forming regions in the MYStIX project analyzed in Kuhn et al. (2014) are located at distances < 3.6 kpc. We also adopted this distance criterion to select the ATLASGAL clumps in Urquhart et al. (2022), which were used for a comparison with the identified embedded clusters. This distance limitation can also effectively eliminate a possible distance bias (Urquhart et al. 2022).
Clumps are the precursors of embedded clusters. Urquhart et al. (2022) classified 5007 ATLASGAL clumps into four evolutionary stages, that is, quiescent, protostellar, young stellar objects (YSOs), and HII regions. The ATLASGAL clumps with HII regions (HII-clumps) represent the final stages of embedded cluster formation in the clumps. When we consider the hub-filament structure of the clump in high-resolution ALMA observations (Zhou et al. 2022, 2024d), the hub is the true formation site of an embedded cluster within the clump. Thus, the size of the clump should be significantly larger than the initial radius of the embedded cluster generated in the clump, which is also indicated by the initial mass–radius relation of embedded star clusters of Marks & Kroupa (2012). Therefore, the mass-size relation of the clumps is not comparable with that of the embedded clusters. The star formation efficiency (SFE) cannot be inferred from the differences between the mass-size relations of the clumps and embedded clusters, as was done in Pfalzner et al. (2016). However, before strong feedback occurs, the total mass of a clump at different evolutionary stages remains almost constant. The SFE can be deduced from the mass functions of the clumps and embedded clusters.
A constant star formation efficiency (SFE) of ≈0.33 is revealed in Fig. 8. This value has been widely used in previous simulations and has been proven to be effective (Kroupa et al. 2001; Banerjee et al. 2012; Banerjee & Kroupa 2013, 2014, 2015; Banerjee & Kroupa 2017; Oh et al. 2015; Oh & Kroupa 2016, 2018; Brinkmann et al. 2017; Wang et al. 2019, 2020; Pavlik et al. 2019; Dinnbier et al. 2022). This SFE is also consistent with the value obtained from hydrodynamic calculations including self-regulation (Machida & Matsumoto 2012; Bate et al. 2014) and also with observations of embedded systems in the solar neighborhood (Lada & Lada 2003; Megeath et al. 2016).
	[image: thumbnail]	Fig. 5. Carina nebula illustrates as an example the minimum spanning tree (MST) method. The cyan plus marks the positions of ATLASGAL clumps. The black contours show the masks of leaf clusters. (a) Orange and cyan lines show the minimum spanning trees between clusters and between clumps, respectively. (b) MST between clusters and clumps.



	[image: thumbnail]	Fig. 6. Separation distributions of each two neighboring objects in three cases. The peak values for all are similar and close to 1 pc.



	[image: thumbnail]	Fig. 7. Evolution from clump to embedded cluster fixed at the initial position of the clump.



	[image: thumbnail]	Fig. 8. Cluster and clump mass functions. The embedded clusters are taken from Fig. 3. The vertical dashed line marks the start point of the linear fit. k is the slope of the fitting.



4. Conclusion
We used the dendrogram algorithm to decompose the surface density distributions of stars from the MYStIX project into hierarchical structures. The algorithm presents multiscale structures of star clusters. Our main conclusions are listed below.

	
Different measurements of embedded clusters at different scales and ages give comparable mass-size relations. The simple explanation is that all embedded clusters possess a Plummer profile.



	
In a unified measurement of the same sample, the mass-size relation has a shallower slope. Instead, mixing different measurements at different scales together always yields a steeper mass-size relation. This issue cannot be avoided when different catalogs from different observations are collected together. The observed radii from different observations must be unified before an analysis.



	
We used the minimum spanning tree (MST) method to measure the separations between clusters and clumps in each massive star-forming region. The separations between cluster-cluster, clump-clump, and cluster-clump are comparable, which indicates that the evolution from a clump to an embedded cluster is fixed at the initial position of the clump. There is no significant positional change between the embedded cluster and its precursor. There is no significant merger between embedded clusters for the samples in the MYStIX project. Feedback from embedded clusters does not redistribute the surrounding clumps. However, more samples are necessary for a further validation.



	
The mass-size relation of the clumps is not comparable with that of the embedded clusters. However, by comparing the mass functions of the ATLASGAL clumps and the identified embedded clusters, we confirmed that a constant star formation efficiency of ≈0.33 can be a typical value for the ATLASGAL clumps.






1 https://dendrograms.readthedocs.io/en/stable/index.html
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Table 1. 
Median spacing between clusters, between clumps, and between clusters and clumps within each massive star-forming region.
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	[image: thumbnail]	Fig. 1. Hierarchical structures of the clusters in NGC 6334. (a) The background is the surface density of stars. The black and orange contours show the masks of leaf and branch clusters, respectively. The magenta, red, and cyan cycles are the approximated ellipses with effective radii Reff, Reff, 1, and Reff, 2 defined in Sect. 3.3, respectively. (b) The dendrogram tree shows the hierarchical cluster structures.
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	[image: thumbnail]	Fig. 2. Leaf clusters with the radii and masses calculated by the original mask and the elliptical mask (blue and orange pluses). The cyan dots show the subclusters in Table 1 of Kuhn et al. (2015b).
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	[image: thumbnail]	Fig. 3. Mass-size relations of leaf clusters (red plus) identified in this work fit by the dashed red line, and embedded clusters (colored squares) in the catalogs of Lada et al. (1991); Carpenter et al. (1993); Lada & Lada (2003); Carpenter (2000); Kumar et al. (2006); Faustini et al. (2009) fit by the dashed black line. The slope for all is ≈0.33.
In the text



	[image: thumbnail]	Fig. 4. Mass-size relation of star clusters measured at different scales. (a) Red, green, and blue pluses represent leaf clusters with effective radii Reff, Reff, 1, and Reff, 2 defined in Sect. 3.3 and marked by colored ellipses in Fig. 1(a), respectively. (b) Magenta, cyan, and red pluses represent branch clusters, which are the subclusters in Table 1 of Kuhn et al. (2015b), and leaf clusters, respectively. k and r are the slope of the mass-size relation and the Pearson correlation coefficient, respectively.
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	[image: thumbnail]	Fig. 5. Carina nebula illustrates as an example the minimum spanning tree (MST) method. The cyan plus marks the positions of ATLASGAL clumps. The black contours show the masks of leaf clusters. (a) Orange and cyan lines show the minimum spanning trees between clusters and between clumps, respectively. (b) MST between clusters and clumps.
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	[image: thumbnail]	Fig. 6. Separation distributions of each two neighboring objects in three cases. The peak values for all are similar and close to 1 pc.
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	[image: thumbnail]	Fig. 7. Evolution from clump to embedded cluster fixed at the initial position of the clump.
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	[image: thumbnail]	Fig. 8. Cluster and clump mass functions. The embedded clusters are taken from Fig. 3. The vertical dashed line marks the start point of the linear fit. k is the slope of the fitting.
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      Fig. 1. 

      
        [image: thumbnail]
      

      
        Hierarchical structures of the clusters in NGC 6334. (a) The background is the surface density of stars. The black and orange contours show the masks of leaf and branch clusters, respectively. The magenta, red, and cyan cycles are the approximated ellipses with effective radii Reff, Reff, 1, and Reff, 2 defined in Sect. 3.3, respectively. (b) The dendrogram tree shows the hierarchical cluster structures.

      

    

  
    
      Fig. 2. 
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        Leaf clusters with the radii and masses calculated by the original mask and the elliptical mask (blue and orange pluses). The cyan dots show the subclusters in Table 1 of Kuhn et al. (2015b).

      

    

  
    
      Fig. 3. 
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        Mass-size relations of leaf clusters (red plus) identified in this work fit by the dashed red line, and embedded clusters (colored squares) in the catalogs of Lada et al. (1991); Carpenter et al. (1993); Lada & Lada (2003); Carpenter (2000); Kumar et al. (2006); Faustini et al. (2009) fit by the dashed black line. The slope for all is ≈0.33.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Mass-size relation of star clusters measured at different scales. (a) Red, green, and blue pluses represent leaf clusters with effective radii Reff, Reff, 1, and Reff, 2 defined in Sect. 3.3 and marked by colored ellipses in Fig. 1(a), respectively. (b) Magenta, cyan, and red pluses represent branch clusters, which are the subclusters in Table 1 of Kuhn et al. (2015b), and leaf clusters, respectively. k and r are the slope of the mass-size relation and the Pearson correlation coefficient, respectively.

      

    

  
    
      Table 1. 

      Median spacing between clusters, between clumps, and between clusters and clumps within each massive star-forming region.

      
        


	Regions
	Cluster (pc)
	Clump (pc)
	Cluster & Clump (pc)





	Lagoon
	0.84
	1.04
	0.82



	NGC 6334
	1.34
	0.82
	0.75



	NGC 6357
	1.25
	0.78
	0.76



	Eagle
	0.76
	1.41
	0.72



	M 17
	0.66
	1.02
	0.66



	Carina
	1.86
	2.36
	1.42



	Trifid
	1.67
	2.19
	1.67



	Mean value
	1.20
	1.37
	1.00





      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Carina nebula illustrates as an example the minimum spanning tree (MST) method. The cyan plus marks the positions of ATLASGAL clumps. The black contours show the masks of leaf clusters. (a) Orange and cyan lines show the minimum spanning trees between clusters and between clumps, respectively. (b) MST between clusters and clumps.

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Separation distributions of each two neighboring objects in three cases. The peak values for all are similar and close to 1 pc.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Evolution from clump to embedded cluster fixed at the initial position of the clump.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Cluster and clump mass functions. The embedded clusters are taken from Fig. 3. The vertical dashed line marks the start point of the linear fit. k is the slope of the fitting.
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