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Abstract. Globular clusters are collisional systems, meaning that the stars inside them interact
on timescales much shorter than the age of the Universe. These frequent interactions transfer
energy between stars and set up observable trends that tell the story of a cluster’s evolution.
This contribution focuses on what we can learn by studying velocity anisotropy and energy
equipartition in globular clusters with Hubble Space Telescope proper motions.
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1. Introduction

Globular clusters are old, dense systems. The high density of stars means that the
timescale for interactions between stars is short enough to be meaningful. The old age of
the clusters means that the stars inside have had a long time in which to interact. Taken
together, the consequence is that stars inside clusters have experienced many interactions.
While any changes that result from a single interaction are small, after many interactions
the cumulative effects are significant and measurable.
The history of interactions between stars in a globular cluster is imprinted on its

kinematics and manifests in a number of different ways. In this contribution, I will focus
only on two of these: 1) velocity anisotropy; and 2) kinetic energy equipartition.
Studying velocity anisotropy requires at least two components of motion, which

necessitates proper motion data. Studying energy equipartition typically requires deep
astrometry, which necessitates data from the Hubble Space Telescope (HST ). As such, the
HST proper motion catalogues for 22 Milky Way globular clusters presented in Bellini
et al. (2014) are ideally suited for this work.

2. Anisotropy

Velocity anisotropy is defined as the ratio between the velocity dispersions in two
orthogonal directions. These can be any two orthogonal directions, and the choice of
directions can depend on the structural properties of the system and the effects we
wish to measure. In globular clusters, it is common to consider the projected radial and
projected tangential velocity dispersions σR and σT .

In Watkins et al. (2015), we measured the projected tangential-radial velocity
anisotropy σT /σR in all 22 GCs in the Bellini et al. (2014) sample. The anisotropy
profile for a single cluster, NGC2808, is shown in the left panel of Figure 1. We see that
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Figure 1. Left panel : Anisotropy profile for NGC 2808. The black points show the binned
profile measured with HST proper motions. The blue lines are fits to the data; in this case we
fit straight lines to the data in linear-radius, which appear curved in log-radius as shown. The
red, green and orange lines show the half-light radius Rhalf , the core radius Rcore, and

1
10
Rhalf ,

which indicate the size of the cluster and the extent of the data. Rhalf and Rcore were taken
from Harris (1996, 2010 edition). Right panel : Anisotropy as a function of relaxation time for our
sample of 22 clusters. Red points show the core values and the blue points show the half-light
values. The grey lines show a fit that is flat for relaxation times shorter than some characteristic
time and linearly decreasing at longer times. The dashed line marks the characteristic time.

the centre is isotropic (σT /σR ∼ 1), and that the anisotropy becomes mildly radial at
the outer limits of the area covered by the data (σT /σR < 1). In fact, we see this trend
across all 22 clusters: all clusters are isotropic at their centres; some stay isotropic out
to the limits of the data, and some become mildly radial in the outer regions†. Figures
5-10 of Watkins et al. (2015) show the corresponding profiles for the other 21 clusters in
the sample.
We used the fits to estimate the anisotropy at the core and half-light radii, and com-

pared these values to the relaxation times estimated at the core and half-light radii, from
Harris (1996, 2010 edition). These estimates are shown in the right panel of Figure 1.
We see indeed that the clusters are almost all isotropic out to their core radii; some are
isotropic even out to their half-light radii, while some show mild radial anisotropy at the
half-light radii. The degree of anisotropy increases with relaxation time.
To quantify this, to these points we fit a simple model that assumes a constant

anisotropy for relaxation times shorter than some characteristic value and a linearly
decreasing anisotropy for time larger than that value. The constant anisotropy, charac-
teristic time and slope of the decrease were all left free. We see that the best fit shows a
constant anisotropy for short relaxation times very close to 1 (isotropic) and an increase
in the anisotropy in the radial direction for longer relaxation times.
What can we learn about the evolution of clusters from this? We suppose that GCs in

the past had some radial anisotropy then as the stars inside interact, the cluster relaxes
and signals of anisotropy are washed out. The densest regions (in the cores) have the
shortest relaxation times and so reach isotropy first; the intermediate regions (near the
half-light radii) have longer relaxation times so have not yet reached isotropy in some
clusters and we still see mild anisotropy present. The cause of the radial anisotropy,
whether it was primordial or manifested later in the lifetime of the cluster, is beyond the
scope of this work to say.

† All of our fields are central fields, so the limits of the data are not the limits of the cluster.
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Figure 2. Left panel : Velocity dispersion as a function of stellar mass in NGC104 (47Tuc).
The black points were measured using HST proper motions. The yellow line shows a fit to the
data with the resulting η estimate given in the top-right. Right panel : Distribution of η estimates
for all 11 clusters for which we have performed this analysis.

3. Energy Equipartition

When two stars pass close to one another, energy is transferred from the star with
higher energy to the star with lower energy. Given enough interactions, it is expected
that a stellar system will reach kinetic energy equipartition whereby all stars have the
same kinetic energy. In complete equipartition we expect the velocity dispersion σ of the
stars to depend on stellar mass m like σ∝m− 1

2 . In practice, most clusters will be in a
state of partial equipartition with dispersions that vary with stellar mass like σ∝m−η

where η quantifies the degree of equipartition (0 for none and 0.5 for full).
Naively, we might expect that given long enough clusters will reach full equipartition.

However Trenti & van der Marel (2013) used a suite of N-body simulations to predict
that clusters never reach full equipartition. The simulations started with no primordial
equipartition and were left to evolve. The inner regions of the clusters reached a maximum
η∼ 0.2 and the degree of equipartition actually began to decrease again to level off at
η∼ 0.1. The outer regions of the clusters increased steadily to η∼ 0.1 and leveled off
without first overshooting. (See their Figure 3.) We would like to test this prediction
with real data.
Whether partial or full, equipartition means that low mass stars tend to be moving

faster than high mass stars, so to measure equipartition we need to measure velocities
for stars over a wide range of stellar mass. The stars for which we can most easily
measure kinematics (particularly those stars that have been most frequently targeted
with spectrographs to obtain line-of-sight velocities) are the bright stars above the main-
sequence turn-off. Unfortunately, the phases of stellar evolution above the turn-off are
fast and so the range of stellar masses covered by these stars is small and not ideal
for measuring equipartition (with the exception of blue stragglers stars, as discussed in
Baldwin et al. 2016).
To get a decent range of stellar masses, we really need to measure velocities for stars

along the main sequence. This is beyond the reach of existing spectrographs, except
perhaps MUSE for the very closest clusters, and also beyond the reach of Gaia with
sufficient accuracy, again except perhaps for one or two of the closest clusters. But this
is achievable with HST, although this work is still challenging and pushes both the
observatory and the data analysis techniques to their limits.
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Figure 3. Left panel : η profile for NGC104 (47Tuc). The green lines show the median η
estimate in each radial bin; the dark shaded regions show the region spanning the 15.9 to 84.1
percentiles, and the light shaded regions the 2.5 to 97.5 percentiles. The green points mark
the centre of each bin. The grey line with shaded region shows the average η estimated in
the previous analysis. Right panel : The same for NGC6397. The dotted line marks η= 0, a
theoretical minimum.

In Watkins et al. (in preparation) we have measured the velocity dispersion as a func-
tion of stellar mass and estimated the degree of equipartition† for 11 of the 22 clusters in
Bellini et al. (2014). The left panel of Figure 2 shows the results for NGC104 (47Tuc).
We estimate η∼ 0.2 in this cluster, in line with the theoretical expectations. The right
panel of Figure 2 shows a histogram of the η values obtain for all 11 clusters. We see that
no cluster reaches full equipartition (η∼ 0.5), consistent with Trenti & van der Marel
(2013), but we do see some values above η∼ 0.2, inconsistent with their simulations.

So far we have considered average η values, however the relaxation times in the dense
cluster centres are shorter than the relaxation times in the less dense regions further out.
We saw the consequence of this for anisotropy in Figure 1. So the next step is to measure
how η changes as a function of radius. Figure 3 shows the η profiles for NGC104 (left)
and NGC6397 (right). NGC104 appears to have a flat η profile over the range of our
dataset, while NGC6397 shows a gradient in η that is highest at the centre and decreases
with radius, consistent with expectations.
Recently Libralato et al. (2018) studied equipartition in NGC362 using an improved

proper motion catalogue that better controls systematics. They also saw a similar gra-
dient in η across the range of the data. Their smaller uncertainties highlight the efficacy
of the improved data reduction and proper-motion measurement techniques.
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https://doi.org/10.1017/S1743921319007257 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921319007257


548 L. L. Watkins et al.

References

Baldwin, A. T., Watkins, L. L., van der Marel, R. P., et al. 2016, ApJ, 827, 12
Bellini, A., Anderson, J., van der Marel, R. P., et al. 2014, ApJ, 797, 115
Harris, W. E. 1996, AJ, 112, 1487
Libralato, M., Bellini, A., van der Marel, R. P., et al. 2018, ApJ, 861, 99
Trenti, M. & van der Marel, R. 2013, MNRAS, 435, 3272
Watkins, L. L., van der Marel, R. P., Bellini, A., & Anderson, J. 2015, ApJ, 803, 29

https://doi.org/10.1017/S1743921319007257 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921319007257

	Imprints of evolution on the internal kinematics of Globular Clusters
	Introduction
	Anisotropy
	Energy Equipartition



<<
  /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


