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Abstract. Stars form predominantly in groups which display a broad spectrum of masses, sizes,
and other properties. Despite this diversity there exist an underlying structure that can constrain
cluster formation theories. We show how combining observations with simulations allows us to
disclose this underlying structure. One example is the mass-radius relation for young embedded
associations which follows Mc =CRγ

c with γ = 1.7 ± 0.2.0.2, which is directly related to the
mass-radius relation of clumps. Results based on GAIA DR2 have demonstrated that young
stellar groups (1–5 Myr) expand and that this expansion process is largely over by an age
of 10–20 Myr. Such a behaviour is expected within the gas expulsion scenario. However, the
effect of gas expulsion depends strongly on the SFE, the gas expulsion time scale, etc. Here it
is demonstrated how existing and upcoming data are able to constrain these parameters and
correspondingly the underlying models.
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1. Introduction

Common knowledge from observations seems to be that most stars form in young
clusters, which span a wide range of masses and sizes and mostly dissolve within
approximately 10 Myr. Only the most massive clusters survive beyond that time. This
information is usually applied to guide simulations of the development of young clusters.
Here we have a closer look at these statements and their interpretation. What (additional)
information do observations give us to guide theories of clustered star formation?

2. The mass-radius relations

We start with the statement that young clusters span a wide range of masses and
sizes, which is definitely true. However, this is often interpreted that within reasonable
bounds any combination of masses and sizes exist. For simulation that means either a
single specific cluster is simulated or that a grid of initial conditions is applied in order
to cover the supposed parameter space.
However, if we look at the actual observed parameters of young embedded clusters in

the solar neighbourhood (see Fig. 1) a completely different picture emerges, namely, that
these clusters do not cover the entire parameter space, but that a distinct correlation
between mass and radius exists. This is roughly represented by

Mc =CRγ
c (2.1)

with γ = 1.7 ± 0.2 (Pfalzner et al. 2016). This means that clusters masses and sizes do
span a wide range of masses and sizes, but not any combination is possible. It is essential
that this is considered when setting initial conditions in cluster simulations that follow
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Figure 1. Young cluster development a) Embedded associations, b) Expansion phase of
clusters(red) and associations (blue).

the dynamics of clusters in the embedded phase. Otherwise it is just an academic exercise
that has little to do with the actual situation in real observed clusters.
Interestingly there exists a similar relation for the masses and sizes of clumps with

approximately the same slope (Urquhart et al. 2014). This means the same applies for
simulation of cluster formation. They have to start out with mass-radius combinations
that agree with these observations.

3. Two types of cluster

Looking at clusters that are no longer embedded but have largely lost their gas, brings
another surprise. There actually exist two types of clusters (Pfalzner 2009) and both
develop along well defined tracks in the mass-radius-, and actually radius-age plane (see
Fig. 1b). It has been suggested to distinguish them as clusters and associations (Gieles &
Portegies Zwart 2011), however, this leads to some confusion as many of the embedded
“clusters” will dissolve as soon as they have lost their gas. In the absence of a better
naming convention, we will also refer to them as clusters and associations, but urge the
community to clarify the nomenclature. The embedded clusters we have been looking
at in Fig. 1 are actually the predecessors of the associations that largely dissolve within
5–10 Myr.
In each of the two classes the cluster size increases with age. However, the reason for this

expansion differs in both cases significantly (Pfalzner & Kaczmarek 2013). In associations
the star formation is inefficient meaning that only a fraction (�30%) of the gas and dust
present in the clump is converted into stars. The expansion is due to the supervirial state
of the system when the gas has left the stellar group.
Conversely, in clusters star formation is very efficient, with more than 60% being

converted into stars. As such gas expulsion can not be the reason for their expansion. The
reason why they expand nevertheless is that the stellar density in the cluster centre is so
high that very close collisions between stars are common. These interactions are so intense
that stars are ejected at high speed from the centre of the cluster. As they come from deep
within the potential well, the only way for the cluster to reach an equilibrium state again
is expansion. Currently we have no observational information about the formation of the
much more compact stellar groups that develop into long-lived clusters. It is one of the
next big challenges to answer the question how these compact long-lived clusters form.
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Figure 2. Evolutionary tracks of young clusters according to Pfalzner, Parmentier et al. (2014),
assuming a star formation efficiency that depends on the local gas density (Parmentier & Pfalzner
2013).

4. Cluster dynamics

Therefore we concentrate in the following on the short-lived clusters that largely dis-
solve within 10 Myr. There has been a long debate about whether the more massive of
these are formed in their currently observed state, or by the merging of sub-clusters, or
expand. Recently, observations found that sub-clusters do not merge, but instead 75%
of the investigated group of associations show strong features of expansion (Kuhn et al.
2019).

This means that theoretical models have to explain this expansion. Although there
might be other models that can explain cluster expansion, the model that predicted this
already a long time ago is that of gas expulsion. However, it is too simple an approach to
speak of “the model of gas expulsion”, because the outcome of gas expulsion simulations
depends on many parameters. The main ones being:
• Star formation efficiency (for example, Tutukov 1978; Boily & Kroupa 2003)
• Duration of gas expulsion phase (for example, Lada et al. 1984)
• Constant vs density-dependent SFE (Parmentier & Pfalzner 2013)
• Virial state before expulsion (for example, Allison & Goodwin 2011)
• Spatial distribution before expulsion (clumping, central concentration) (for example,

Fellhauer & Kroupa 2005)
Now that GAIA DR2 data are availble one needs to deduce parameters from the obser-
vations that help to constrain better which of these models describe the observed clusters
best. Basically one should provide developmental tracks for each of the different models,
similar to those in provided by Fig. 2, to determine which model fits best the observational
results.

5. Observational constraints and evolutionary tracks

One can use the Kuhn et al. 2019 data to give better constraints on some of the
parameters relevant for simulations (Pfalzner et al. in preparation). These data indicate
that on average associations are fully embedded until about 1.4 Myr and gas-free embed-
ded at about 2.5 Myr. The length of the embedded phase seems to depend very little on
associations mass. Conversely, the expulsion phases lasts longer for low-mass associations
(2 Myr) than for high-mass associations(1 Myr).
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However, these results should be regarded as preliminary, because the 25 stellar groups
considered, do not only contain data of associations but also from clusters. As likely
different mechanisms are responsible for their expansion, this might result in different
expansion velocities. So future studies should avoid mixing of clusters and associations.
The second problem, is that firm constraints require more associations/clusters to

be studied to obtain reliable statistics. So far the sample contains too few low-mass
clusters at ages > 3 Myr. The reason is that basically all known associations have been
identified in the past as over-densities against the field population. The projected density
of associations containing �1000 stars quickly falls below this detection limit as soon as
associations start to expand (Pfalzner et al. 2015). This is why there are very few low-mass
associations older than 3 Myr identified. However, using the 3D information provided by
Gaia, these associations should be identifiable. This would be really important to put
better constraints on the development of low-mass clusters.

6. Conclusion

Observations demand that some of our assumptions have to be revised. Stars form in
stellar groups which can be either associations or clusters. These two stellar groupings
both show distinct mass-size relations, which differ considerably. For associations the
relation for the embedded phase should be used as determine the initial conditions for
simulations.
Associations show clear signs of expansion, which currently is most easily explained as

a result of gas expulsion, but alternatives explanations might exist. Most stars become
unbound within 10 Myr, however, there remains a remnant which might be detectable
in the Gaia DR2 data. In this context it is also necessary to look for new associations,
to obtain better constraints on properties to test different models against.
Clusters survive because of their compactness, not their mass. Unlike for the associa-

tions we have no constraints on their embedded phase, so we basically have no idea how
they form. Obtaining data for this phase is one of the grand challenges of the future.

References

Allison, R. J. & Goodwin, S. P. 2011, MNRAS, 415, 1967
Allison, R. J., Goodwin, S. P., Parker, R. J., et al. 2009, ApJ, 700, L99
Boily, C. M. & Kroupa, P. 2003, MNRAS, 338, 673
Fellhauer, M. & Kroupa, P. 2005, ApJ, 630, 879
Gieles, M. & Portegies Zwart, S. F. 2011, MNRAS, 410, L6
Jose, J., Herczeg, G. J., Samal, M. R., et al. 2017, ApJ, 836, 98
Kuhn, M. A., Getman, K. V., Feigelson, E. D., et al. 2017, AJ, 154, 214
Kuhn, M. A., Hillenbrand, L. A., Sills, A., et al. 2019, ApJ, 870, 32
Lada, C. J., Margulis, M., & Dearborn, D. 1984, ApJ, 285, 141
Parmentier, G. & Pfalzner, S. 2013, A&A, 549, A132
Pfalzner, S. & Kaczmarek, T. 2013, A&A, 559, A38
Pfalzner, S., Kirk, H., Sills, A., et al. 2016, ApJ, 586, A68
Pfalzner, S., Vincke, K., & Xiang, M. 2015, A&A, 576, A28
Pfalzner, S., Parmentier, G., Steinhausen, M., et al. 2014, ApJ, 794, 147
Pfalzner, S. 2009, A&A, 498, L37
Tutukov, A. V. 1978, A&A, 70, 57
Urquhart, J. S., Moore, T. J. T., Csengeri, T., et al. 2014, MNRAS, 443, 1555

https://doi.org/10.1017/S1743921319006513 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921319006513

	Observations meets theory in clustered star formation
	Introduction
	The mass-radius relations
	Two types of cluster
	Cluster dynamics
	Observational constraints and evolutionary tracks
	Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


