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Abstract. I will present results obtained by means of three-dimensional hydrodynamic simula-
tions of the formation of second generation (SG) stars in a young globular cluster (GC). Our
setup includes the mass return from Asymptotic Giant branch (AGB) stars, the accretion of
pristine gas as well as star formation of SG stars, three ingredients which have never been simul-
taneously taken into account in previous 3D numerical studies of GC formation. The cluster is
set in motion with respect to a distribution of gas and allowed to accrete mass from it. Formation
of SG stars occurs out of the gas shed by AGB stars and from the gas accreted during the motion
of the cluster. We consider two models characterised by different densities of the external gas. In
both cases, we find that a very compact SG subsystem with central density >10° M /pc® forms
in the innermost regions of the cluster.

Keywords. Hydrodynamics; methods: numerical; globular clusters: general; galaxies: star
formation.

1. Testing the AGB scenario with hydrodynamic simulations

Several models have been proposed to explain the origin of multiple populations (MP)
in globular clusters (GCs). In the asymptotic giant branch (AGB) scenario for MPs, a
second generation (SG) of stars start to form from the ejecta of first generation (FG) AGB
stars (e.g. D’Ercole et al. 2008). As FG and SG stars generally present a low metallicity
spread, as traced by their [Fe/H] (typically of 0.1 dex, e.g., Renzini et al. 2015), the
formation of SG stars must occurr after FG massive stars have expelled the gas enriched
by FG supernovae (e.g. Calura et al. 2015 [C15]; D’Ercole et al. 2016). If one assumes a
standard stellar initial mass function, the mass return from aging stellar populations is in
general too scarce to form a large SG population (e.g. Calura, Ciotti & Nipoti 2014). For
this reason, in order to account for the present-day mass and predominance of SG stars
as observed in GCs, at its formation the FG has to be substantially more massive than
at the present day, and dilution of the AGB ejecta with pristine gas occurring during SG
formation must be invoked.

By means of hydrodynamic simulations carried on with RAMSES (Teyssier 2002, A&A,
385, 337) C15 have shown that the heating of massive stars may be sufficient to expel the
residual gas in a young GC of mass 107 M, and half-mass radius of 30 pc. The effects of
the heating of FG stellar winds and SNe on the gas in which they are embedded is shown
in Fig. 1, where two-dimensional density (left panels) and temperature (right panels)
maps at two different evolutionary times (0.5 Myr and 1.6 Myr after the birth of the
cluster) are shown. In this simulation, all the massive stars have been grouped into OB
associations (OBAs) and distributed in the volume occupied by the cluster as described
in C15.
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Figure 1. Effects of the feedback of stellar winds blown by massive stars in a young globular
cluster, as shown by two-dimensional density (left panels) and temperature (right panels) maps
in a simulation at two different evolutionary times (0.5 Myr and 1.6 Myr) from Calura et al.
(2015). The arrows represent the velocity field of the most accelereated gas portions, with
maximum speed of ~2000 km/s.

Several hot cavities have been carved in the gas by stellar winds already at 0.5 Myr,
when some of the superbubbles expanding in the unperturbed medium still conserve a
nearly round shape. This is mainly true for the most isolated ones, located in the lowest
density regions. On the other hand, bubbles originating from sources with one or more
OBAs nearby show strong distortions and are asymmetrically compressed already at early
times. At 1.6 Myr most of the bubbles have merged, their dense shells have dissolved
and a high-density, low-temperature region is visible in the center of the cluster, created
by the combined action of multiple OBAs which push material in opposite directions,
and by the gravity of the system. At later times the residual gas is progressively heated
and expelled by the system, with less than 1% of the initial amount (~7 10% M) still
present at 14 Myr.
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Figure 2. The birth of second generation stars in a young globular clusters. Shown are two-
dimensional gas density (left panels) and stellar density (right panels) maps in a simulation at
two different evolutionary times (7 Myr and 35 Myr; see Calura et al. 2019).

2. The birth of second generation stars

In a subsequent study, Calura et al. (2019; [C19]) have simulated the formation of SG
stars in a 40 Myr old GC, where all the FG SNe have already exploded and as AGB
stars start restoring their ejecta. The cluster has a FG stellar mass of 107 M. The
3d hydro-simulations performed with the RAMSES code (Teyssier 2002) include mass
return from SG stars, gravity, star formation, SG stellar dynamics computed by a N-body
solver, radiative cooling, and dilution from an external medium. The setup is designed to
recreate the physical conditions described in D’Ercole et al. (2016), in which the cluster
is assumed to lie within the disc of a galaxy at high redhift. The simulations are aimed at
describing the motion of a cluster with respect to a background uniform gas distribution.
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The cluster is assumed to be moving in a large cavity carved by FG stellar winds and
SNe, and starting from a time t,, > tagp =40 Myr, pristine gas starts to flow inside the
computational box from one of the boundaries. We assume that a single star particle is
allowed to form in each cell with a temperature 7' < 2 10* K and where the gas flow is
converging. The mass of each collisionless stellar particle is M), = Nmg, with mo = 0.1 Mg
the minimum allowed mass and N drawned from a Poisson distribution (e.g., Rasera &
Teyssier 2006). Star formation is assumed to stop 100 Myr after the birth of FG stars,
as the first FG Type Ia SNe start to explode.

In Fig. 2 we show the results of our simulation, in which the density of the diluting
gas is 10724g/em?®. The time at which such dilution starts depends on both the density
of the gas and on FG stellar mass (D’Ercole et al. 2016), and in this case it is ~60 Myr
after the birth of FG stars.

The two top panels at 7 Myr show how the system looks like when it is still isolated,
i.e. when the infall of pristine gas has still to start. As the ejecta of the AGB stars
give rise to a cooling flow directed towards the cluster centre, enough gas can collect
and give place to SG star formation. The already formed, compact stellar component
is visible in the top-right stellar density map. At this time, the mass which has been
turned into stars is ~5 10* Mg, with an half-mass radius < 1 pc. These stars are highly
He-rich, with Y > 0.34 (C19). At the later time of 35 Myr (bottom panels of Fig. 2), a
subsonic front of pristine gas has crossed the cluster and a narrow, dense and cold tail
has emerged, visible in the gas density map (left bottom panel). The tail has grown as
the ram-pressure-stripped gas from the head of the bow shock was channelled behind the
cluster centre, generating an an ‘accretion column’ (e.g. Bondi & Hoyle 1994), through
which matter continuously flows onto the cluster and mix with the AGB ejecta. The
stellar component in the core appears more diffuse than at 7 Myr, but the mass outside
the innermost ~3 pc is negligible.

We also run a model with a factor 10 higher density of the infall, characterised by a less
concentrated SG of stars. At the end of the star formation, for the FG-to-SG stellar mass
ratio we find values of 12.8 and ~2 for the low-density and high-density infall model,
respectively.

In future studies we will improve our investigation of the parameter space, e.g. explor-
ing how the mass of FG stars and how energetic sources, such as type Ia SNe and stellar
winds, can regulate mass accretion and SG star formation.

References

Bondi, H. & Hoyle, F. 1944, MNRAS, 104, 273

Calura, F., Ciotti, L., & Nipoti, C. 2014, MNRAS, 440, 3341

Calura, F., Few, C. G., Romano, D., & D’Ercole, A. 2015, ApJL, 814 14 (C15)

Calura, F., D’Ercole, A., Vesperini, E., Vanzella, E., & Sollima, A. 2019, MNRAS, 489, 3269

D’Ercole, A., Vesperini, E.;, D’Antona, F., McMillan, S. L. W., & Recchi, S. 2008, MNRAS,
391, 825

D’Ercole, A., D’Antona, F., & Vesperini, E. 2016, MNRAS, 461, 4088

Rasera, Y. & Teyssier, R. 2006, A&A, 445, 1

Renzini, A. et al. 2015, MNRAS, 454, 4197

Teyssier, R. 2002, A& A, 385, 337

https://doi.org/10.1017/51743921319006732 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921319006732

	Hydrodynamic simulations of second generation star formation in a young globular cluster
	Testing the AGB scenario with hydrodynamic simulations
	The birth of second generation stars



<<
  /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


