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Abstract. The on-going phase mixing in the vertical direction of the Galactic disk has been
discovered with the revolutionary Gaia DR2 data. It manifests itself as the snail shell in the
Z − VZ phase space. To better understand the origin and properties of the phase mixing process,
we study the phase-mixing signatures in moving groups (also known as the kinematic streams)
with the Gaia DR2 data in the Galactic disk near the Solar circle. Interestingly, the phase space
snail shell exists only in the main kinematic streams with |VR|<∼ 50 km/s and |Vφ − VLSR|<∼
30 km/s, i.e., stars on dynamically “colder” orbits. Compared to the colder orbits, the hotter
orbits may have phase-wrapped away already due to the much larger dynamical range in radial
variation to facilitate faster phase mixing. These results help put tighter constraints on the
vertical perturbation history of the Milky Way disk. To explain the lack of a well-defined snail
shell in the hotter orbits, the disk should have been perturbed at least ∼ 400− 500 Myr ago.
Our results offer more support to the recent satellite-disk encounter scenario than the internal
bar buckling perturbation scenario as the origin of the phase space mixing.

Keywords. Galaxy: disk — Galaxy: kinematics and dynamics — Galaxy: structure — stars:
kinematics and dynamics

1. Introduction

The Milky Way disk is not in a complete dynamical equilibrium. It shows prominent
structure in kinematic space that is phase mixing in both horizontal and vertical direc-
tions. Using the revolutionary Gaia data, Antoja et al. (2018) discovered clear evidence
of vertical phase mixing in the solar neighborhood for the first time. A clear snail shell
can be seen in the Z − VZ phase space. This feature can be understood as the phase
mixing process in a vertically perturbed disk, where the vertical oscillation frequency
depends on the oscillation amplitude, generating a snail shell structure in Z − VZ space
(Tremaine 1999; Binney & Tremaine 2008; Candlish et al. 2014; Antoja et al. 2018). The
phase space snail shell shows up more clearly when color-coded with azimuthal veloc-
ity (Vφ) of stars (Fig. 1c in Antoja et al. 2018), which was suggested to indicate the
tight correlation between the in-plane and vertical motions. The two motions are clearly
entangled, but there are still important details to be clarified (Binney & Schönrich 2018;
Darling & Widrow 2019). Since then, the properties of the snail shell and its dependence
on the stellar parameters and spatial variation have been extensively studied (Tian et al.
2018; Cheng et al. 2019; Khanna et al. 2019; Wang et al. 2019).

It has been well known that the velocity phase space in the solar neighborhood, e.g.,
VR − Vφ, shows complex kinematic stream features, also known as “moving groups”
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Figure 1. Left: The phase space distribution in VR − Vφ for the sample in the Galactic disk at
R= 8.34 kpc; Middle: The Z − VZ phase space of the main kinematic streams showing the snail
shell; Right: The Z − VZ phase space of the main kinematic streams without snail shell feature.

(Dehnen 1998; Antoja et al. 2008). Different moving groups may have different dynamical
origins. We find it physically interesting to explore the connection between the in-plane
resonance-driven moving groups and the imprint of a vertical perturbation event. Here
we utilize the second Gaia data release (DR2) with radial velocity, proper motions and
parallax available to investigate the distributions of these moving groups in the Z − VZ

phase space, which may shed light on the origin of the snail shell and the correlation
between the in-plane and vertical motions.

2. Sample

From Gaia DR2, we adopted the same sample selection as Antoja et al. (2018),
i.e., selecting stars with positive parallaxes � with relative uncertainty less than 20%
(�/σ� > 5). In this study, we select the stars in a narrow annulus in the solar neigh-
borhood (R= 8.34± 0.1 kpc), which contains ∼ 0.93 million stars. The VR − Vφ phase
space distribution of this sample are shown in the left panel of Fig. 1, which shows a
variety of streams and clumps. The main kinematic streams are selected and studied in
the following analysis.

3. Results and Discussion

We further dissect the sample in the VR − Vφ phase space into different streams, i.e.,
Sirius, Hyades, Coma Berenices (hereafter Coma for brevity), Pleiades, and Hercules,
according to the location of these streams described in previous works (Sellwood 2010;
Trick et al. 2019), and other regions for the purpose of comparison, i.e., the High/Low−Vφ

and High/Low−VR Regions. Gaia DR2 has revealed two possible branches of the
Hercules stream (Gaia Collaboration et al. 2018). In this work, the Hercules stream
is further divided into Hercules Fast (208<Vφ < 221 km/s) and Hercules Slow streams
(193<Vφ < 208 km/s). VZ is not considered when classifying streams.

As shown in the middle panels of Fig. 1, clear snail shells can be seen in the Z − VZ

phase space number density distributions of the Sirius, Hyades, Coma, Pleiades, and
Hercules Fast streams, and the “Other” region. It seems that these streams show slightly
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different snail shell pattern. The radial velocity ΔVR (≡ VR − VR; middle column) or
azimuthal velocity ΔVφ (≡ Vφ − Vφ; right column) color-coded phase space shows almost
no snail shells, which is reasonable since the Vφ range of each stream is relatively narrow.
The High/Low−Vφ, High/Low−VR regions, and the Hercules Slow stream do not show
snail shell in either the number density, VR, or Vφ color-coded Z − VZ phase space, as
shown in the right panels of Fig. 1.

From the VR − Vφ phase space in the left panel of Fig. 1, it seems that the snail shell
only exists in the region with |VR|<∼ 50 km/s and 210<∼ Vφ <∼ 270 km/s (i.e., |Vφ − VLSR|<∼
30 km/s). This velocity range corresponds to the dynamically colder orbits, which are
closer to circular orbits. Stars with velocities outside that region are denoted as hotter
orbits.
It seems that stars on hotter orbits have sufficiently phase-mixed to show no snail shell

in the Z − VZ space. The hotter orbits typically have much larger dynamical range in
the disk than the colder orbits. Therefore, stars on hotter orbits make blurred elliptical
rotation in the Z − VZ phase space, which leads to faster phase mixing. These results
help to put tighter constraints on the vertical perturbation history of the Milky Way
disk. To explain the lack of snail shell in the hotter orbits, the Milky Way disk should
be perturbed at least ∼ 400− 500 Myr ago.
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Antoja, T., Helmi, A., Romero-Gómez, M., et al. 2018, Nature, 561, 360
Binney, J. & Schönrich, R. 2018, MNRAS, 481, 1501
Binney, J. & Tremaine, S. 2008,Galactic Dynamics: Second Edition (Princeton University Press)
Candlish, G. N., Smith, R., Fellhauer, M., et al. 2014, MNRAS, 437, 3702
Cheng, X., Liu, C., Mao, S., & Cui, W. 2019, ApJL, 872, L1
Darling, K. & Widrow, L. M. 2019, MNRAS, 484, 1050
Dehnen, W. 1998, AJ, 115, 2384
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, A&A, 616, A1
Khanna, S., Sharma, S., Tepper-Garcia, T., et al. 2019, arXiv e-prints, arXiv:1902.10113
Sellwood, J. A. 2010, MNRAS, 409, 145
Tian, H.-J., Liu, C., Wu, Y., Xiang, M.-S., & Zhang, Y. 2018, ApJL, 865, L19
Tremaine, S. 1999, MNRAS, 307, 877
Trick, W. H., Coronado, J., & Rix, H.-W. 2019, MNRAS, 484, 3291
Wang, C., Huang, Y., Yuan, H.-B., et al. 2019, arXiv e-prints, arXiv:1903.09982

https://doi.org/10.1017/S1743921319008007 Published online by Cambridge University Press

https://arxiv.org/abs/1902.10113
https://arxiv.org/abs/1903.09982
https://doi.org/10.1017/S1743921319008007

	Dissecting the phase space snail shell
	Introduction
	Sample
	Results and Discussion



<<
  /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


