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Abstract. The inference of the Milky Way halo mass requires modelling the phase space structure
of dynamical tracers, with different tracers following different models and having different levels
of sensitivity to the halo mass. For steady-state models, deviations from steady-state in the
tracer distribution lead to an irreducible stochastic bias. This bias is small for satellite galaxies
and dark matter particles, but as large as a factor of 2 for halo stars. This is consistent with
the picture that satellite galaxies closely trace the underlying phase space distribution of dark
matter particles, while halo stars are less phase-mixed. As a result, the use of only ~ 100 satellite
galaxies can achieve a significantly higher accuracy than that achievable with a much larger
sample of halo stars.
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1. Introduction

The outer halo potential of the Milky Way have been modelled with a variety of meth-
ods, leading to a range of results with typical values varying from ~ 0.5 x 1012M, to
~2x 102Mg, (see Wang et al. 2015, 2020, for compilations of recent measurements).
While part of this divergence can be attributed to statistical uncertainties, systematic
biases must also play a significant role given the small errorbars in some of the mea-
surements. Understanding such systematics is becoming more and more important as
ongoing and upcoming surveys of the Milky Way such as LAMOST (Deng et al. 2012),
GAIA (Perryman et al. 2001) and 4MOST (Helmi et al. 2019) are collecting more com-
plete and accurate phase space data on halo stars, globular clusters and satellite galaxies.
These data will further reduce the statistical uncertainty of dynamical models and as we
show below, lead to systematics dominated results in some of the analysis.

This work aims at understanding and quantifying the systematics associated with a
large family of models that assume the tracer distribution is in a steady-state. It has been
shown that unjustified assumptions in such modelling can lead to significant biases (Wang
et al. 2015; Han et al. 2016b). Therefore, we will use a minimal assumption method
that avoids any unnecessary assumptions, in order to understand the most fundamental
systematics associated with the steady-state assumption. This approach also makes our
results to have wide implications for the entire family of steady-state methods (Wang
et al. 2018). We test the method on three types of tracers, including dark matter particles,
halo stars and satellite galaxies. The mock data used are extracted from simulations in the
ACDM cosmology, including the APOSTLE hydrodynamical simulations of Local Group
like systems (Sawala et al. 2016), and the Millennium-II N-body simulation (Boylan-
Kolchin et al. 2009) from which we extract a large sample of Milky Way like haloes.
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2. Minimal assumption steady-state modelling

We use the orbital Probability Distribution Function (oPDF; Han et al. 2016¢) method
as a benchmark method for steady-state modelling. The starting point of the method is
that in a steady-state system, along a given orbit, the probability density of tracer parti-
cles is proportional to the travel time at each position. In a spherical system, specifying
the orbits by the energy and angular momentum parameters, the above principle can be
explicitly written as

dr

P(r|E,L)=
AP(rIE, L) = T (B T)

(2.1)

where v, is the radial velocity and T is the radial period.

Equation 2.1 is sufficient for the inference of the halo potential. Starting from a trial
potential ¢ (r), one can convert the observed phase space coordinates of tracers to their
orbital parameters (E, L). The distribution of orbital parameters coupled with Eq. 2.1
can be used to predict an overall spatial distribution Py (r). Finally, the potential can be
constrained by comparing the predicted and observed spatial distributions in a likelihood
framework. Note that the only essential assumption of the method (besides spherical sym-
metry) is that the tracers are in a steady-state. In the following, we will apply the method
while parametrising the halo potential with a total halo mass, M, and a concentration,
¢, following an Navarro-Frenk-White (Navarro et al. 1997) profile.

Applying this method to a large sample of Milky Way like haloes selected from the
Millennium-IT simulation, Wang et al. (2017, hereafter Wang17) found significant stochas-
tic biases in the fitted halo parameters. These biases are caused by correlated phase space
structures in the tracers that violate the steady-state assumption. The effect of phase-
correlation is to reduce the number of independent tracers. As a result, the deviations
of the fits from the true values can be much larger than that allowed by the statistical
uncertainty derived from the apparent tracer sample size.

The amount of phase-correlation is determined by the merger history of the halo, and
cannot be reduced by simply increasing the number of tracer particles. These irreducible
stochastic biases represent the limit of steady-state information that can be extracted
from the tracers. Using dark matter particles as tracers, Wangl7 found this stochastic
bias to be typically ~20% in mass. Similar stochastic biases are found using halo stars
in the APOSTLE hydrodynamical simulation, but at a much higher level of ~ 100% (see
Fig. 1). These correspond to an effective number of phase-independent particles of ~ 1000
in dark matter particles and only around 40 in halo stars.

3. Satellite galaxies as better steady-state tracers

Given the small effective number of phase-independent particles in halo stars, better
measurements of the halo mass can be expected if one can find a tracer with a larger
number of phase-independent particles. Indeed satellite galaxies can serve as such a
tracer. To show this, we apply the oPDF method to satellite galaxies in the Milky-Way
like halo sample of Wangl7 selected from the Millennium-II simulation. Wangl7 have
analysed both isolated and binary haloes. The differences between the two is subdominant
compared to the differences between different tracers, so we only focus on the set of
isolated haloes here. The satellites are extracted from the semi-analytic galaxy catalogue
of Guo et al. (2011) in the Millennium database.f Our results are not sensitive to how
the satellite galaxies are selected. We have tested that using a peak-mass limited satellite
subhalo sample from a different subhalo finder (HBT+; Han et al. 2018) leads to very
similar results.

T http://gavo.mpa-garching.mpg.de/Millennium/
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Figure 1. Fits to different tracers in MW size haloes using the oPDF method. The grey points
show the fits to individual haloes using satellites as tracers. The thick grey ellipse (opm) shows
the total 1 — o scatter of the data points. The red (ostar) and blue (opm) solid ellipses show
the total scatters in the fits using stars and dark matter particles as tracers respectively (Wang
et al. 2017). The blue dashed ellipse (0pmsat ) shows the total scatter associated with dark matter
particles down-sampled to the have the same number as that of satellites.

The results are shown in Fig. 1. To make a consistent comparison with Wangl7, we
apply the same radial cut of 20kpc < r < Rypp when applying oPDF to satellite galaxies.
In addition, to decrease confusions from statistical noise, we only use haloes with more
than 100 satellites in the given radial range. Selecting haloes according to the number of
satellites are not expected to bias our results (Li et al. 2019).

The ellipses in Fig. 1 show the total uncertainty (statistical plus systematic) associated
with each type of tracer. Note that the number of tracer particles used in Wangl7 are
around 10°, leading to negligible statistical uncertainties in the star and dark matter
tracers. On the other hand, the number of satellites in each halo available in our analysis
is ~ 100, corresponding to a much larger statistical uncertainty. Despite this, the total
uncertainty in stars is still much larger than that in satellites. This means the systematic
uncertainty in stars has to be the highest among the three tracers.

To further compare the systematic uncertainties between satellite and dark matter
particles, we down-sample the dark matter tracers to have the same number of particles
as the number of satellites. This ensures the two tracers to have comparable statistical
uncertainties, so that the differences between their total uncertainties can be attributed
to their different systematics. Interestingly, as shown in Fig. 1, the total uncertainties
between the two are almost identical. This means the dynamical state of satellite galaxies
is close to that of dark matter particles.

This may not be surprising as satellites, especially small ones, are not much different
from dark matter particles with a large mass. This is also consistent with previous models
of the spatial distribution of satellites in which satellites are assumed to sample the phase
space distribution and accretion of dark matter particles in a unbiased way (Han et al.
2016a). By contrast, halo stars are stripped along correlated orbits off satellite galaxies,
leaving a high degree of phase-correlation among them and thus stronger deviations from
steady state. Although satellite galaxies can also be accreted in groups, the binding of
satellite groups is expected to be weaker due to their wider separations, allowing them
to better phase-mix.

It is known that dynamical models are in general most sensitive to the gravity near the
median radius of the tracer sample (Han et al. 2016¢). One may wonder if the different
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performances of the different tracers can be attributed to them sampling different parts
of the halo. It has been shown that the different spatial distributions of stars and dark
matter only play a minor role in explaining their different systematics (Han et al. 2016b;
Wang et al. 2017). Moreover, this effect is not relevant for the comparison between
satellites and dark matter, because satellites trace the spatial distribution of dark matter
fairly well (Han et al. 2016a). We thus conclude that the different systematics between
stars and satellites are mainly a result of their different dynamical states.

4. Conclusions and Implications

We find that satellite galaxies are close to dark matter particles in their dynamical
state, both of which are much better steady-state tracers than halo stars. This can be
understood as satellite subhaloes are nearly unbiased phase space tracers of dark matter
particles, while halo stars remain highly phase-correlated after getting stripped from their
progenitors. Given that the effective number of phase-independent particles in halo stars
is ~ 40, we expect the halo mass can be better constrained using > 40 satellite galaxies
than using a much larger sample of halo stars. Taking the dark matter dynamical state
as a reference, we expect a limiting accuracy of ~ 20% can be achieved from steady-state
modelling of a few hundred satellites. A more accurate and practical method of modelling
satellite dynamics will be presented in a forthcoming paper (Li et al. 2019).

This work was supported by NSFC grant 11973032, 11890691, National Key Basic
Research and Development Program of China (No.2018YFA(0404504) and JSPS Grant-
in-Aid for Scientific Research JP17K14271.

References

Boylan-Kolchin, M., Springel, V., White, S. D. M., Jenkins, A., & Lemson, G. 2009, MNRAS,
398, 1150

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

Guo, Q., White, S., Boylan-Kolchin, M., et al. 2011, MNRAS, 413, 101

Han, J., Cole, S., Frenk, C. S., Benitez-Llambay, A., & Helly, J. 2018, MNRAS, 474, 604

Han, J., Cole, S., Frenk, C. S., & Jing, Y. 2016a, MNRAS, 457, 1208

Han, J., Wang, W., Cole, S., & Frenk, C. S. 2016b, MNRAS, 456, 1003

—. 2016¢, MNRAS, 456, 1017

Helmi, A., Irwin, M., Deason, A., et al. 2019, The Messenger, 175, 23

Li, Z., Qian, Y., Han, J., Wang, W., & Jing, Y. 2019, ApJ, 886, 69

Navarro, J. F., Frenk, C. S.; & White, S. D. M. 1997, ApJ, 490, 493

Perryman, M. A. C., de Boer, K. S., Gilmore, G., et al. 2001, Astron. & Astrophy., 369, 339

Sawala, T., Frenk, C. S., Fattahi, A., et al. 2016, MNRAS, 457, 1931

Wang, W., Han, J., Cole, S., et al. 2018, MNRAS, 476, 5669

Wang, W., Han, J., Cole, S., Frenk, C., & Sawala, T. 2017, MNRAS, 470, 2351

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

Wang, W., Han, J., Cautun, M., Li, Z., & Ishigaki, M. N. 2020, Science China Physics, Mechanics
& Astronomy, in press, arXiv:1912.02599

https://doi.org/10.1017/51743921319008020 Published online by Cambridge University Press


https://doi.org/10.1111/j.1365-2966.2009.15191.x
http://adsabs.harvard.edu/abs/2009MNRAS.398.1150B
https://doi.org/10.1111/j.1365-2966.2010.18114.x
http://adsabs.harvard.edu/abs/2011MNRAS.413..101G
https://doi.org/10.1093/mnras/stx2792
http://adsabs.harvard.edu/abs/2018MNRAS.474..604H
https://doi.org/10.1093/mnras/stv2900
http://adsabs.harvard.edu/abs/2016MNRAS.457.1208H
https://doi.org/10.1093/mnras/stv2707
http://arxiv.org/abs/1507.00769
https://doi.org/10.1093/mnras/stv2522
http://arxiv.org/abs/1507.00771
https://doi.org/10.1093/mnras/sty706
http://adsabs.harvard.edu/abs/2018MNRAS.476.5669W
https://doi.org/10.1093/mnras/stx1334
https://ui.adsabs.harvard.edu/#abs/arXiv:1605.09386
https://doi.org/10.1093/mnras/stv1647
http://adsabs.harvard.edu/abs/2015MNRAS.453..377W
https://arxiv.org/abs/1912.02599
https://doi.org/10.1017/S1743921319008020

	Satellite galaxies as better tracers of the Milky Way halo mass
	Introduction
	Minimal assumption steady-state modelling
	Satellite galaxies as better steady-state tracers
	Conclusions and Implications



<<
  /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


