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Abstract. A major uncertainty in the determination of the mass profile of the Milky Way using
stellar kinematics in the halo is the poorly determined anisotropy parameter, 8 =1 — (o3 +
03)/(207), where o, is the Galactocentric radial velocity dispersion, and oy and oy are the
tangential components of the velocity dispersion. We have used a sample of over 24,000 Galactic
halo K giant and blue horizontal branch stars from the LAMOST stellar spectroscopic survey
and SDSS/SEGUE, combined with proper motions from Gaia Data Release 2, to measure 3(rgc)
over a wide range of Galactocentric distances 7g. from 5 to 80 kpc. Kinematic substructures have
been carefully removed to reveal the underlying diffuse stellar halo prior to measuring 5. We
find that orbits are generally radial (8 > 0) and S is constant out to distances of about 40 kpc,
with a dependence on metallicity of the stars, such that § declines with lower metallicity. Similar
behavior is seen in both the K giant and BHB samples.

Keywords. galaxies: individual (Milky Way) — Galaxy: halo — Galaxy: kinematics and dynam-
ics — Galaxy: stellar content — stars: individual (BHB) — stars: individual (K giants) — stars:
kinematics and dynamics

1. Introduction

Our current knowledge of the Milky Way’s total mass is uncertain by a factor of two
(see related discussions, e.g. Wang et al. 2015; Eadie & Harris 2016; Eadie & Jurié¢ 2019;
Callingham et al. 2019). Via the Jeans equation the mass can be estimated from the
density and anisotropy (3 profile of tracer objects. Measurements of the [ profile have
eluded our grasp before Gaia due to the lack of large samples of halo stars covering a
wide range of distances with both radial velocities and proper motions. We describe here
a very large sample of such stars which is part of an ongoing program using LAMOST.
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2. Data Sample and Method

We select halo stars from samples of K-giants in LAMOST DR5 (Wu et al. 2011; Cui
et al. 2012; Deng et al. 2012; Zhao et al. 2012; Luo et al. 2012; Wu et al. 2014; Luo et al.
2015) and SDSS/SEGUE (Yanny et al. 2009; Ahn et al. 2012) and BHBs from SDSS.
We define K giants from LAMOST by 4000 < T /K < 4600 with log g < 3.5 dex and
4600 < Ter /K < 5600 with log g <4 dex (Liu et al. 2014; Bird et al. 2019). We include
K giants from SDSS/SEGUE as selected by Xue et al. (2014). We derive spectroscopic
distances using the method presented by Xue et al. (2014). We use the Xue et al. (2011)
BHB sample which selects stars based on limits in their color and Balmer line profiles.
The distances are photometrically derived as in Xue et al. (2011) and have typical uncer-
tainties of ~ 10%. The large surveys LAMOST and SDSS provide line-of-sight velocities.
To these we add proper motions from Gaia DR2 (Gaia Collaboration et al. 2018).

We define Galactocentric spherical coordinates as in Bird et al. (2019). To clean our
sample of disk stars, we keep only those with |Z| > 5 kpc (all metallicities) and to this
add stars with 2 < |Z| <5 kpc and [Fe/H] < —1. In total, our stellar halo sample consists
of >15,000 LAMOST DR5 K giants, >5,000 SDSS K giants, and >4,000 SDSS BHBs.

We use the method of Xue et al. (2020, in preparation) to remove kinematic sub-
structure. Substructure is identified in integral-of-motion space E, Lx, Ly, Ly using
a friends-of-friends algorithm. We determine orbital parameters e, a, (lorbis, borsit), lapo-
Stream-members share similar orbits. We flag these as substructure and remove them to
define a smooth, diffuse halo sample. The sample is further cleaned keeping only stars of
E <0 (km s71)2. Our smooth halo sample consists of 15,280 K giants and BHBs.

3. Results and Discussion

We show the spherical coordinate velocities of our LAMOST halo K-giants in Figure 1.
The corresponding results for BHBs will be presented in Bird et al. (2020, in preparation).

The resulting anisotropy profiles and their dependency on metallicity are shown in
Figure 2. The key results are

e LAMOST/SDSS + Gaia DR2 yield over 24,000 halo K-giant and BHB stars

e first presentation of 3D velocity profiles for such a large and spatially far-reaching
halo star sample

e 3 profile is found to be constant out to distances exceeding 75, = 40 kpc where
B~ 0.4 to 0.8 depending on the stellar metallicity

e orbits are thus predominantly radial (8> 0)

e K giants and BHBs both share similar radially dominated stellar orbits and 3
dependence on [Fe/H].

Our results are in agreement with the recent analyses of Belokurov et al. (2018) and
Lancaster et al. (2019) who also use 3D velocities for main sequence and BHB, respec-
tively, halo stars, as seen in Figure 2.

The metallicity dependency of velocity anisotropy [ has also been seen in observations
within 10 kpc by e.g. Chiba & Beers (2000), Carollo et al. (2007, 2010), Hattori et al.
(2013), Kafle et al. (2013, 2017), Belokurov et al. (2018), and Lancaster et al. (2019).
Simulation studies show that such a feature is likely to be related to the Milky Way’s
merger history (e.g. Brook et al. 2003; Amorisco 2017; Loebman et al. 2018; Amorisco
2019; Fattahi et al. 2019).

Fresh evidence of chemo-dynamically different stellar halo components has emerged in
combination with Gaia data (e.g. Belokurov et al. 2018; Deason et al. 2018; Koppelman
et al. 2018; Helmi et al. 2018; Myeong et al. 2018a.b,c,d, 2019; Bird et al. 2019;
Kruijssen et al. 2019; Lancaster et al. 2019; Mackereth et al. 2019; Matsuno et al. 2019;
Simion et al. 2019; Vasiliev 2019), revealing a major contributor to the Milky Way’s
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Figure 1. Spherical velocities, (Vr, Vg, V) in the upper, middle, and lower rows, shown versus
Galactocentric distance rg. for our entire LAMOST halo K giant sample, substructure only
sample, and smooth, diffuse halo displayed in the left, middle, and right columns, respectively.
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Figure 2. Anisotropy ((rgc) profiles emphasizing the dependency on metallicity for halo K
giants, BHBs, and main sequence stars.

dependency of anisotropy and metallicity is likely the recently uncovered large merger
remnant, which goes by such names as “Gaia Sausage,” “Gaia-Enceladus,” “Kracken,”
and “blob.” Our sample of stars extending to greater distances shows a continuation of
the anisotropy-metallicity dependency extending out to 40 kpc.
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We are currently working to measure the mass profile of the Milky Way to 80 kpc
making use of our greatly improved knowledge of 3 as revealed by this large sample of
halo tracers.

References

Ahn, C. P., Alexandroff, R., Allende Prieto, C., et al. 2012, ApJS, 203, 21

Amorisco, N. C. 2017, MNRAS, 464, 2882

—. 2019, MNRAS, 482, 2978

Belokurov, V., Erkal, D., Evans, N. W., Koposov, S. E.; & Deason, A. J. 2018, MNRAS, 478, 611

Bird, S. A., Xue, X.-X., Liu, C., et al. 2019, The Astronomical Journal, 157, 104

Bird, S. A., Xue, X. X., Liu, C., et al. 2020, in preparation

Brook, C. B., Kawata, D., Gibson, B. K., & Flynn, C. 2003, ApJ, 585, L.125

Callingham, T. M., Cautun, M., Deason, A. J., et al. 2019, MNRAS, 484, 5453

Carollo, D.; Beers, T. C., Lee, Y. S., et al. 2007, Nature, 450, 1020

Carollo, D., Beers, T. C., Chiba, M., et al. 2010, ApJ, 712, 692

Chiba, M. & Beers, T. C. 2000, AJ, 119, 2843

Cui, X.-Q., Zhao, Y.-H., Chu, Y.-Q., et al. 2012, Research in Astronomy and Astrophysics,
12, 1197

Deason, A. J., Belokurov, V., & Koposov, S. E. 2018, ApJ, 852, 118

Deng, L.-C., Newberg, H. J., Liu, C., et al. 2012, Research in Astronomy and Astrophysics,
12, 735

Eadie, G., & Jurié¢, M. 2019, ApJ, 875, 159

Eadie, G. M., & Harris, W. E. 2016, ApJ, 829, 108

Fattahi, A., Belokurov, V., Deason, A. J.; et al. 2019, MNRAS, 484, 4471

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, A&A, 616, Al

Hattori, K., Yoshii, Y., Beers, T. C., Carollo, D., & Lee, Y. S. 2013, ApJ, 763, L17

Helmi, A., Babusiaux, C., Koppelman, H. H., et al. 2018, Nature, 563, 85

Kafle, P. R., Sharma, S., Lewis, G. F., & Bland-Hawthorn, J. 2013, MNRAS, 430, 2973

Kafle, P. R., Sharma, S., Robotham, A. S. G., et al. 2017, MNRAS, 470, 2959

Koppelman, H., Helmi, A., & Veljanoski, J. 2018, ApJ, 860, L11

Kruijssen, J. M. D., Pfeffer, J. L., Reina-Campos, M., Crain, R. A., & Bastian, N. 2019, MNRAS,
486, 3180

Lancaster, L., Koposov, S. E., Belokurov, V., Evans, N. W.; & Deason, A. J. 2019, MNRAS,
486, 378

Liu, C., Deng, L.-C., Carlin, J. L., et al. 2014, ApJ, 790, 110

Loebman, S. R., Valluri, M., Hattori, K., et al. 2018, ApJ, 853, 196

Luo, A.-L., Zhang, H.-T., Zhao, Y.-H., et al. 2012, Research in Astronomy and Astrophysics,
12, 1243

Luo, A.-L., Zhao, Y.-H., Zhao, G., et al. 2015, Research in Astronomy and Astrophysics, 15, 1095

Mackereth, J. T., Schiavon, R. P., Pfeffer, J., et al. 2019, MNRAS, 482, 3426

Matsuno, T., Aoki, W., & Suda, T. 2019, ApJ, 874, L35

Myeong, G. C., Evans, N. W., Belokurov, V., Amorisco, N. C., & Koposov, S. E. 2018a, MNRAS,
475, 1537

Myeong, G. C., Evans, N. W., Belokurov, V., Sand ers, J. L., & Koposov, S. E. 2018b, MNRAS,
478, 5449

—. 2018¢, ApJ, 856, L26

—. 2018d, AplJ, 863, L28

Myeong, G. C., Vasiliev, E., Torio, G., Evans, N. W.; & Belokurov, V. 2019, MNRAS, 488, 1235

Simion, I. T., Belokurov, V., & Koposov, S. E. 2019, MNRAS, 482, 921

Vasiliev, E. 2019, MNRAS, 484, 2832

Wang, W., Han, J., Cooper, A. P., et al. 2015, MNRAS, 453, 377

Wu, Y., Du, B., Luo, A., Zhao, Y., & Yuan, H. 2014, in TAU Symposium, Vol. 306, Statistical
Challenges in 21st Century Cosmology, ed. A. Heavens, J.-L. Starck, & A. Krone-Martins,
340-342

https://doi.org/10.1017/51743921319008299 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921319008299

Galactic mass and anisotropy profile 95

Wu, Y., Luo, A.-L., Li, H--N.; et al. 2011, Research in Astronomy and Astrophysics, 11, 924
Xue, X. X., Rix, H., Hogg, et al. 2020, in preparation

Xue, X.-X., Rix, H--W., Yanny, B., et al. 2011, ApJ, 738, 79

Xue, X.-X., Ma, Z., Rix, H.-W., et al. 2014, ApJ, 784, 170

Yanny, B., Rockosi, C., Newberg, H. J., et al. 2009, AJ, 137, 4377

Zhao, G., Zhao, Y.-H., Chu, Y.-Q., Jing, Y.-P., & Deng, L.-C. 2012, Research in Astronomy and
Astrophysics, 12, 723

https://doi.org/10.1017/51743921319008299 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921319008299

	Galactic mass and anisotropy profile with halo K-giant and blue horizontal branch stars from LAMOST/SDSS and Gaia
	Introduction
	Data Sample and Method
	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


