
The mass of the Milky Way out to 100 kpc using halo stars 

【abstract】
MW恒星ハローの分布関数を最尤法で決定することで、MWの100kpc以内の領域の質量を見積もった。LMCや未緩和のサブ構造からの
力学的影響を補正し、結果、M(<100kpc)=6.31±0.32(stat.)±1.26(sys.)*10^11Msunを得た。さらに、NFWハローの質量-集中度関係

(Du>on & Macciò 2014)を応用すると、現在のMW恒星ハローの総質量は1.20±0.25*10^12Msunと見積もられた。

【ゴール】MWの総質量を決定し、MWの物理を明らかにする。

【オリジナリティ】

MW中心から50kpc以上離れたハロー星の観測データを基に、
分布関数を最尤法で定めることでMWのパラメータおよび総質量を決定した。

GAゼミ@201126  佐藤 元太

【コメント】

・MWの質量はどこまで(何桁まで)正確に算出する
必要があるのか？
・Sgr streamよりもGESを除外するべきではないのか？

【ロジック】

モデル： ! ∝ #$% & = 4 , Φ = Φ+(#/50kpc)$4 , 5 = Φ # − (789 + 7;9 + 7<=>9 )/2
@ 5, A ∝ A$9BC 5 , C 5 = 5B(4$9)/4D%/4$E/9, @<=> = ∬5 78 5 7; @ G78G7;

A. J. Deason, D. Erkal, V. Belokurov et al. arXiv:2010.13801v1 

補正：
・7<=>と7;の値を修正する(図1) (Erkal et al. (2020))

7<=> = 7<=> − 7<=>=HH, 7; = 7; − 7;=HH
LMCによりMW中心の揺さぶられ、観測される速度がズレることを修正する。
・最近降着してきた成分を除く(図2) (Auriga simulations (Grand et al. 2017))
この成分は観測できない範囲にまで分布が広がり、分布関数に偏りを生じさせる。
MWではSgr streamの観測データを除外することでこの補正とする。

MWに適用：

使用データはGaia DR2より、 50-100kpc以内の665個(Sgr星を除くと485個)
補正の有無ごとに最尤法でパラメータを推定した結果を表1に纏めてある。
そこからI(<100kpc) = 6.31 ± 0.32(stat.) ±1.26(sys.)×10LLMsunとなり、
NFWハローの質量-集中度関係(Du>on&Macciò 2014)を使用すると、
MW恒星ハローの総質量は1.20±0.25×MNMOMsunとなった。

※観測によるエラーよりも、システムエラーの方が大きくなっている。
図3で、再現された速度曲線を他の研究と比較する。
→青破線(Cautun 2020)の結果とよく一致する。
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Figure 2. The resulting mass estimates (within 100 kpc) when our method is applied to accreted stellar halo stars in the Auriga simulation suite. Left panel:
The distribution of estimated to true mass ("est/"true) for the # = 28 haloes. For each halo, we select # = 485 halo stars with the same Galactic (;, 1)
distribution as the observed data. This process is repeated four times, each with a di�erent solar position, i.e. (G, H, I)� = (±A0, 0, 0) , (0, ±A0, 0) . The
"est/"true distribution is smoothed by a Kernel Density Estimation. The dashed blue line and dot-dashed red line show the distributions for haloes with
quiescent and active recent accretion, respectively. Middle panel: "est/"true against true halo mass within 100 kpc. Each halo is shown with a di�erent colour,
where the four values for each halo represent the di�erent solar positions. The grey shaded region indicates a range of "est/"true between 0.75 and 1.15, and
the solid line highlights "est/"true = 0.95 (i.e. "est/"true = 0.95 ± 0.20, see main text). Right panel: "est/"true against the average time the progenitor
dwarf galaxies that contributed to the halo within 50-100 kpc merged with the host halo. The dispersion of estimated masses is lower at earlier merger times
(higher )merge), as these deposited stars are more phase-mixed. The black boxes indicate haloes with shell-type structures in the radial range 50-100 kpc. In
these cases, the mass tends to be underestimated.

Wang et al. 2018; Grand et al. 2019). Some cases can be wildly
inaccurate, but the general consensus is that there is perhaps a sys-
tematic floor of at least ⇠ 20% accuracy when using halo stars to
estimate the total mass. In the past, such a floor has been deemed
negligible compared to observational uncertainties. However, we
are now in a regime when the data is no longer dominated by sta-
tistical uncertainties and/or missing data, and thus this systematic
needs to be considered.

Here, we apply our modeling procedure to the halo stars in
the Auriga simulations (Grand et al. 2017). These are a suite of
high resolution, cosmological hydrodynamic simulations of Milky
Way-mass galaxies. We only consider the # = 28 haloes between
"200 = 1 � 2 ⇥ 1012M� that are not currently undergoing a major
merger. As in Fattahi et al. (2019), we only consider accreted halo
stars, which are defined as those stars that formed in a subhalo
other than the main progenitor galaxy. This sample of accreted stars
has been used in previous work studying the stellar haloes of the
Auriga galaxies (e.g. Monachesi et al. 2016; Deason et al. 2019a;
Monachesi et al. 2019; Fattahi et al. 2020). We select # = 485
halo stars in the radial range 50-100 kpc, and choose these stars
to have the same Galactic (;, 1) distribution as the observational
data. For each halo, we create four di�erent samples with di�erent
solar positions, (G, H, I)� = (±A0, 0, 0), (0,±A0, 0). The variation
between di�erent mass estimates when the solar position is varied
is shown in Fig. 2. As in the previous subsection, we only consider
systematic e�ects and do not include observational uncertainties in
the analysis. Thus, we assume all of the halo stars have full phase-
space information, with no appreciable errors, and we assume that
the slope of the tracer density profile (U) in this radial range is
known.

In Fig. 2 we show the resulting mass estimates (within 100
kpc) when our method is applied to the Auriga simulations. The
left panel shows the distribution of estimated to true mass, and
the middle panel shows the estimated to true mass against the true
mass. Each halo is shown with di�erent coloured symbols, so the
four samples drawn from the same halo (with just the solar position

varying) can be identified. The halo-to-halo scatter is significantly
higher than the variation from di�erent solar position. The masses
are typically underestimated by ⇠ 10%, with a scatter of ⇠ 25%.
This bias towards underestimating the true mass has been seen in
previous work (e.g. Yencho et al. 2006; Wang et al. 2018; Grand
et al. 2019), and the scatter in mass measurements is also in good
agreement with previous results.

The halo-to-halo scatter is much larger than the uncertainties
from the likelihood procedure, and thus represents a true system-
atic e�ect. To explore this further we calculate the typical time the
progenitor dwarf galaxies that contribute to the stars between 50-
100 kpc merge with the host galaxy. This is calculated by taking
the median accretion time of all the star particles between 50-100
kpc for each Auriga halo. Here, )merge = 0 is present day, so more
recent accretion events have lower )merge values. The halo-to-halo
scatter changes significantly with )merge, and the bias is also less
pronounced for early time accretion. For example, for debris de-
posited (on average) over 5 Gyr ago ()merge > 5 Gyr), the median
of "est/"true is 0.95 with a dispersion of 0.20 (see dashed blue line
in left hand panel). In contrast, for haloes dominated by material
accreted very recently (in the past 2 Gyr, )merge < 2 Gyr), the me-
dian is 0.82 with dispersion 0.33 (see dot-dash red line in left hand
panel). The former case, especially when Sgr stars are excluded
from the sample, is likely the more appropriate for the Milky Way
halo (e.g. Ruchti et al. 2015; Deason et al. 2017; Lancaster et al.
2019; Fragkoudi et al. 2020).

This exercise shows that the accretion history of the Galaxy is
an important consideration for mass-modelling. In particular, if, as
is currently believed, the Milky Way has a fairly quiescent recent
accretion history, then the mass can be measured to 20% accuracy
with some confidence. However, there still exists a slight (5%) bias
in the mass measurement, which tends to underestimate the halo
mass. After visual inspection of the phase-space diagrams of the
Auriga haloes (see Fig. 3), we suggest that this bias is due to the
presence of shell-like structures in this radial regime (e.g. Quinn
1984). These shells can form when a massive dwarf galaxy collides
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Figure 4. The likelihood contours when our method is applied to the ob-
served sample of halo stars between 50-100 kpc. The shaded gray regions
and solid black lines indicate the 1� and 2 � f confidence levels, respec-
tively. The inset panels show the 1D posterior distributions for each free
parameter in our analysis (V, W and �0). The prior on the potential slope
(W) based on NFW halo profiles is shown with the dashed red line. We
also show the resulting posteriors when no velocity o�set is used to correct
for the influence of the LMC (dashed lines) and when the stars with high
probability of belonging to the Sgr stream are included (purple lines).

the mass within 100 kpc: " (< 100kpc) = 6.01 ± 0.32 ⇥ 1011M� .
We note that our prior on W does not significantly a�ect the total
mass measurement within 100 kpc, but is an important influence on
the shape of the mass profile that we derive.

To further illustrate the influence of excluding Sgr and/or ap-
plying a velocity o�set we show the resulting circular velocity and
mass profiles in Fig. 5. The solid black lines and gray shaded re-
gions show the fiducial results (with Sgr exc. and a velocity o�set
applied) and 1 � f uncertainty. The dashed lines show the results
when an o�set is not applied, and the purple lines are when Sgr stars
are not excised. Here, we can see that inclusion of Sgr stars biases
the mass estimates low, whereas the velocity gradients induced by
the LMC bias the mass estimates high. We note, however, that both
systematics are relatively small, and within the 1 � f uncertainties.

In Section 3 we discussed how the tracer density slope, U,
is kept fixed in our analysis. Previous work has shown that the
tracer density slope is an important parameter in dynamical mass
estimates (e.g. Dehnen et al. 2006; Deason et al. 2012a). Our as-
sumption of U = 4.0 between 50 � 100 kpc is motivated by recent
measurements in the literature (e.g. Xue et al. 2015; Cohen et al.
2017; Deason et al. 2018a; Fukushima et al. 2019). However, the
stellar halo power-law slope in this radial range is still debated, and
the uncertainty is not well quantified. To this end, we provide an
approximate fitting formula to adjust our mass measurement based
on the input U parameter:

" (< 100 kpc) = " (< 100 kpc)
U=4 ⇥ (1 + 0.275 [U � 4.0]) , (6)

where this equation is valid for 3.0 < U < 5.0. We emphasize
that our fiducial mass estimates in this work use an U = 4.0 slope.
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Figure 5. The resulting circular velocity (left panel) and mass (right panel)
profiles as a function of galactocentric radius. The results when no velocity
o�set is applied (dashed lines) and when Sgr stars are included (purple lines)
are also shown. The shaded regions indicate the 1 � f uncertainty.

Label W �0 V " (< 100kpc)

[104km2s�2] [1011M�]

With corr., Sgr exc. 0.46+0.06
�0.06 7.6+0.9

�0.8 0.42+0.06
�0.06 6.01+0.32

�0.32

No corr., Sgr exc. 0.46+0.06
�0.06 7.8+1.0

�0.8 0.46+0.06
�0.06 6.16+0.33

�0.33

With corr., Sgr inc. 0.45+0.06
�0.06 7.4+1.0

�0.7 0.31+0.07
�0.06 5.78+0.27

�0.27

No corr., Sgr inc. 0.45+0.06
�0.05 7.5+1.0

�0.7 0.35+0.06
�0.06 5.92+0.27

�0.27

Table 1. The results of the maximum likelihood analysis. Here, we give the
posterior values and associated 1 � f errors.

However, the approximate relation given above can, for example, be
used to compare with other mass measures that assume a di�erent
tracer density profile. In future work, with more expansive halo
samples beyond 50 kpc, this parameter will likely be pinned down
with much greater confidence.

Finally, in Figure 6 we show our derived circular velocity
profile between 50-100 kpc in context with other measurements
and models in the literature. Here, we have included an additional
20% systematic uncertainty and a 5% bias correction, following
our tests on the Auriga cosmological simulations: " (< 100kpc) =
6.31 ± 0.32(stat.) ± 1.26(sys.) ⇥ 1011M� . Assuming the mass-
concentration relation for NFW haloes with 0.11 dex scatter (Dutton
& Macciò 2014), we find that our mass estimate within 100 kpc
favours a total Milky Way mass of "200c = 1.05± 0.25⇥ 1012M� .
Note here we assume the baryonic mass given by Bovy & Rix (2013).
As mentioned earlier, the total mass calculated from equilibrium
based modeling refers to the Milky Way mass before the LMC was
accreted. If we include the LMC mass, the total mass (today) is
"200c = 1.20 ± 0.25 ⇥ 1012M� .

Our circular velocity profile shown in Figure 6 is in excel-
lent agreement with the Cautun et al. (2020) profile. This model
uses Milky Way rotation curve data derived from Gaia DR2 to fit
an adiabatically contracted dark matter halo. Interestingly, Cautun
et al. (2020) find a relatively “average” halo concentration for the
Milky Way, of 2200c = 9.4+1.9

�2.6 and a total (pre-LMC infall) mass of

"200c = 1.08+0.20
�0.14⇥1012M� , in excellent agreement with our total

mass estimate. Moreover, our total Milky Way mass also agrees
with recent measurement using the more distant satellite galaxies as
tracers, (e.g Callingham et al. 2019; Li et al. 2020). It is reassuring
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that our results at intermediate radii are in such good agreement
with independent measures from both the inner and outer halo.

6 CONCLUSIONS

In this work we have applied a distribution function method to a
large sample of distant (A > 50 kpc) halo stars to estimate the mass
of the Milky Way out to 100 kpc. We pay particular attention to
the systematic e�ect of unrelaxed substructure, and the dynamical
influence of the LMC. Our main conclusions are summarised as
follows:

• We use a rigid Milky Way-LMC model to constrain the sys-
tematic reflex motion e�ect of the massive LMC on our halo mass
estimate. As shown by Erkal et al. (2020), the (pre-infall LMC) halo
masses are over-predicted due to the velocity gradients caused by
the recently infalling LMC. However, we find that a simple veloc-
ity o�set correction in Elos and E

1
can minimize the overestimate

caused by the reflex motion induced by the LMC, and, assuming a
rigid LMC mass of 1.5 ⇥ 1011 M� , we can recover the true mass
within 1 � f.

• By applying our method to a sample of Milky Way-mass haloes
from the Auriga simulation we find that the halo masses are typically
underestimated by 10%. However, this bias is reduced to ⇠ 5% if
we only consider haloes with relatively quiescent recent accretion
histories. The residual bias is due to the presence of long-lived
shell-like structures in the outer halo. The halo-to-halo scatter is
⇠20% for the quiescent haloes, and represents the dominant source
of error in the mass estimate of the Milky Way.

• We apply our distribution function method to # = 485 halo
stars when high probability Sgr stars are excluded. The overall
sample has a radial velocity anisotropy, V = 0.4, in good agreement
with recent measures in this radial range (Bird et al. 2019, 2020).
Our estimated mass within 100 kpc is " (< 100kpc) = 6.31 ±
0.32(stat.) ± 1.26(sys.) ⇥ 1011M� . A systematic bias correction
(+5%), and additional uncertainty (20%), are included based on our
results from the Auriga simulations. The mass estimates are slightly
higher when we do not include a velocity o�set to correct for the
reflex motion induced by the LMC, or slightly lower when Sgr stars
are included in our analysis.

• Our mass estimate within 100 kpc is in good agreement with
recent, independent measures in the same radial range (e.g. Eadie
& Juri∆ 2019; Erkal et al. 2019; Vasiliev et al. 2020). If we as-
sume the predicted mass-concentration relation for NFW haloes,
our measurement favours a total (pre-LMC infall) Milky Way mass
of "200c = 1.05 ± 0.25 ⇥ 1012M� , or (post-LMC infall) mass
"200c = 1.20 ± 0.25 ⇥ 1012M� when a rigid 1.5 ⇥ 1011M� LMC
is included.

The sample of halo stars we have used in this work is just the
tip of the iceberg in terms of the datasets coming our way in the next
few years. We are already in a regime where the systematic uncer-
tainties dominate over the statistical uncertainties: this is uncharted
territory for mass measurements of the Milky Way, which have, his-
torically, been hampered by incomplete phase-space information.
We show in this work that the next phase in mass modelling is to
take into account the unique assembly history of the Milky Way in
any analysis. In particular, understanding the influence of the LMC,
and the dynamics of both relaxed and unrelaxed substructure are
crucial. With larger halo samples and more accurate phase-space
measurements, these e�ects will become more and more impor-
tant. However, there is hope that with a more detailed mapping of
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Figure 6. Our results in context with other recent mass measurements. Here,
we show the circular velocity profile of the Milky Way. Our measurement
between 50-100 kpc is shown with the thick black line and the gray shaded
region (1�f confidence). The black lines outside of the gray shaded region
indicate the overall 1�f uncertainty, including an additional 20% systematic
mass uncertainty in the mass measurement (10% in +circ). The coloured
lines show the circular velocity profiles for three commonly used models
for the Milky Way: (Cautun et al. 2020, dot-dashed blue); (McMillan 2017,
solid green); (Bovy 2015, dashed red). We also show recent measurements
by Callingham et al. (2019), Eadie & Juri∆ (2019), Erkal et al. (2019), and
Vasiliev et al. (2020) with the filled black star, orange circles, purple triangle,
and brown square, respectively.

the Milky Way’s recent accretion history, and more realistic stel-
lar haloes models that include the influence of the live MW-LMC
system, we can provide both accurate and precise Milky Way mass
measures.
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Figure 1. Top panels: The average Elos and E1 velocity components as a
function of I in the Erkal et al. (2020) stellar halo models with an 1.5 ⇥
1011M� LMC. The solid black and dashed red lines are models with 0.8 ⇥
1012M� (used in the fiducial model) and 1.2 ⇥ 1012M� mass dark matter
haloes, respectively. Note the E; component is una�ected by the presence of
the LMC. These velocity o�sets are used to correct the stellar halo kinematics
to approximate equilibrium. Bottom panels: The circular velocity and mass
profiles between 50-100 kpc derived from a selection of # = 485 stars from
the fiducial Erkal et al. (2020) model. The stars are selected to have the same
Galactic (;, 1) distribution as the observed sample. Power-law distribution
functions are used to estimate the mass profiles, as described in Section
3. The solid black line shows the resulting profile when no correction to
the stellar velocities is applied, and the solid blue line is the result when a
correction is applied. The gray shaded and blue line-filled regions indicate
the 1 � f confidence regions. The “true” mass profiles are shown with the
dashed red line. Note that this “truth" is the MW mass profile before the
LMC has been accreted. When a correction is applied our method is able
to reproduce the true MW profile within the 1 � f uncertainty; the mass is
typically overestimated when no correction is applied.

and LMC potential in response to each other, and any resonances in
the Milky Way’s dark matter halo, are not included in the models.
That said, the simulations do account for the deformation of the
stellar halo, and the predictions for stellar halo kinematics using the
models in Erkal et al. (2020) appear to reproduce the salient features
in the predictions of the more realistic, fully deforming models in
Garavito-Camargo et al. (2019).

We select # = 485 halo stars from the Erkal et al. model
(the same number as our observed sample when Sgr is excluded)
between 50-100 kpc, which are chosen to follow the Galactic (;, 1)
distribution of the observed sample. The slope of the model stellar
halo in this radial range is U = 3.4, and we assume that this slope is
known in our analysis. We apply our likelihood method directly to
Eqn 1 rather than the LOSVD, and assume all velocity components
are known. As we are interested in systematic e�ects, we do not
consider the statistical uncertainties from measurement errors.

The black lines in the bottom panels of Fig. 1 show the resulting
circular velocity and mass profiles from this exercise. The “true"
profiles for the model are shown with the dashed red lines. The
mass is typically overestimated by ⇠6�7%, and the true profile lies

outside of the 1�f confidence region (shown with the gray shaded
region). Note that Erkal et al. (2020) find a larger bias in this radial
range (⇠ 15%). This di�erence is because the (;, 1) distribution
of our observed sample is not random on the sky; in particular,
a significant fraction of our observed sample (⇠ 40%) lie in the
octant on the sky which, according to the Erkal et al. model, is
least a�ected by the presence of the LMC (the octant defined by
(H, I, G) = (�, +,�), see Fig. 5 in Erkal et al. 2020).

Although the bias in this case is fairly small, we investigate
applying a small correction to minimize this bias. The top panels of
Fig. 1 show the average Elos and E

1
velocity components in the Erkal

et al. (2020) model as a function of height above/below the Galactic
plane (I). Erkal et al. (2020) show that the bulk motion of the distant
stellar halo is mostly upwards, in the EI component. Hence, E

;
is

largely una�ected and the Elos and E
1

components are shifted. The
fiducial model in Erkal et al. (2020) has an 0.8⇥1012M� dark matter
halo. We also show the predicted o�set for a 1.5⇥ more massive
halo with the red dashed lines. The Elos o�set is unchanged, and
the E

1
o�set is slightly reduced. We apply a I dependent correction

to the Elos and E
1

velocity components using the trends shown in
the top panel of Fig. 1, i.e. Elos = Elos � E

o�
los and Eb = Eb � E

o�
b .

Note that we find our results are largely unchanged if we apply an
o�set appropriate for the more massive halo. The resulting circular
velocity mass profiles when this correction is applied are shown
with the blue lines in the bottom panel of the figure. Now, the mass
is only overestimated by ⇠ 3% and the true profile lies within the
1 � f confidence region.

In Section 5 we apply the same correction to the observational
data to approximately account for the reflex motion induced by
the LMC. Here, especially when observational errors are taken into
account, the correction is relatively small, however, such a procedure
will become increasingly more important as we gain larger velocity
samples of halo stars over wider regions of the sky. We stress that
this correction is only appropriate for the Erkal et al. model of the
MW-LMC system, which assumes rigid dark matter potentials. The
model dependence of this e�ect deserves further scrutiny, and, for
example, the influence of the LMC on a live MW-LMC system (e.g
Garavito-Camargo et al. 2019) needs to be explored in future work.

Finally, we note that this procedure assumes that the “true”
Milky Way mass profile does not include the mass of the LMC itself.
At 1.5 ⇥ 1011M� it is clear that this is a significant contribution to
the total Milky Way mass. However, the rapid orbit, and likely non-
uniform distribution of LMC mass throughout the Galaxy, means
that any equilibrium modelling can only hope to correct for the
perturbation of the LMC, and recover the mass profile before the
LMC was accreted. This means that when comparing to the total
Milky Way mass in cosmological simulations, which includes all
the mass within a spherical aperture like the virial radius, the mass
of the LMC must be added to the derived equilibrium mass.

4.2 Unrelaxed Substructure

One only needs to visualise the iconic “field of streams” image of
the Galactic stellar halo (Belokurov et al. 2006) to see that the stellar
halo does not consist of a smooth distribution of stars. Indeed, both
observations and simulations have shown that the majority of the
(distant) stellar halo is a superposition of the stripped material from
destroyed dwarf galaxies; this debris can be lumpy, non-spherical
and can have significant velocity gradients. Previous work has in-
vestigated how equilibrium modeling holds up under more realistic
stellar haloes from simulations (Yencho et al. 2006; Eadie et al.
2018; Wang et al. 2015; Han et al. 2016; Sanderson et al. 2017;
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Figure 1. Top panels: The average Elos and E1 velocity components as a
function of I in the Erkal et al. (2020) stellar halo models with an 1.5 ⇥
1011M� LMC. The solid black and dashed red lines are models with 0.8 ⇥
1012M� (used in the fiducial model) and 1.2 ⇥ 1012M� mass dark matter
haloes, respectively. Note the E; component is una�ected by the presence of
the LMC. These velocity o�sets are used to correct the stellar halo kinematics
to approximate equilibrium. Bottom panels: The circular velocity and mass
profiles between 50-100 kpc derived from a selection of # = 485 stars from
the fiducial Erkal et al. (2020) model. The stars are selected to have the same
Galactic (;, 1) distribution as the observed sample. Power-law distribution
functions are used to estimate the mass profiles, as described in Section
3. The solid black line shows the resulting profile when no correction to
the stellar velocities is applied, and the solid blue line is the result when a
correction is applied. The gray shaded and blue line-filled regions indicate
the 1 � f confidence regions. The “true” mass profiles are shown with the
dashed red line. Note that this “truth" is the MW mass profile before the
LMC has been accreted. When a correction is applied our method is able
to reproduce the true MW profile within the 1 � f uncertainty; the mass is
typically overestimated when no correction is applied.

and LMC potential in response to each other, and any resonances in
the Milky Way’s dark matter halo, are not included in the models.
That said, the simulations do account for the deformation of the
stellar halo, and the predictions for stellar halo kinematics using the
models in Erkal et al. (2020) appear to reproduce the salient features
in the predictions of the more realistic, fully deforming models in
Garavito-Camargo et al. (2019).

We select # = 485 halo stars from the Erkal et al. model
(the same number as our observed sample when Sgr is excluded)
between 50-100 kpc, which are chosen to follow the Galactic (;, 1)
distribution of the observed sample. The slope of the model stellar
halo in this radial range is U = 3.4, and we assume that this slope is
known in our analysis. We apply our likelihood method directly to
Eqn 1 rather than the LOSVD, and assume all velocity components
are known. As we are interested in systematic e�ects, we do not
consider the statistical uncertainties from measurement errors.

The black lines in the bottom panels of Fig. 1 show the resulting
circular velocity and mass profiles from this exercise. The “true"
profiles for the model are shown with the dashed red lines. The
mass is typically overestimated by ⇠6�7%, and the true profile lies

outside of the 1�f confidence region (shown with the gray shaded
region). Note that Erkal et al. (2020) find a larger bias in this radial
range (⇠ 15%). This di�erence is because the (;, 1) distribution
of our observed sample is not random on the sky; in particular,
a significant fraction of our observed sample (⇠ 40%) lie in the
octant on the sky which, according to the Erkal et al. model, is
least a�ected by the presence of the LMC (the octant defined by
(H, I, G) = (�, +,�), see Fig. 5 in Erkal et al. 2020).

Although the bias in this case is fairly small, we investigate
applying a small correction to minimize this bias. The top panels of
Fig. 1 show the average Elos and E

1
velocity components in the Erkal

et al. (2020) model as a function of height above/below the Galactic
plane (I). Erkal et al. (2020) show that the bulk motion of the distant
stellar halo is mostly upwards, in the EI component. Hence, E

;
is

largely una�ected and the Elos and E
1

components are shifted. The
fiducial model in Erkal et al. (2020) has an 0.8⇥1012M� dark matter
halo. We also show the predicted o�set for a 1.5⇥ more massive
halo with the red dashed lines. The Elos o�set is unchanged, and
the E

1
o�set is slightly reduced. We apply a I dependent correction

to the Elos and E
1

velocity components using the trends shown in
the top panel of Fig. 1, i.e. Elos = Elos � E

o�
los and Eb = Eb � E
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Note that we find our results are largely unchanged if we apply an
o�set appropriate for the more massive halo. The resulting circular
velocity mass profiles when this correction is applied are shown
with the blue lines in the bottom panel of the figure. Now, the mass
is only overestimated by ⇠ 3% and the true profile lies within the
1 � f confidence region.

In Section 5 we apply the same correction to the observational
data to approximately account for the reflex motion induced by
the LMC. Here, especially when observational errors are taken into
account, the correction is relatively small, however, such a procedure
will become increasingly more important as we gain larger velocity
samples of halo stars over wider regions of the sky. We stress that
this correction is only appropriate for the Erkal et al. model of the
MW-LMC system, which assumes rigid dark matter potentials. The
model dependence of this e�ect deserves further scrutiny, and, for
example, the influence of the LMC on a live MW-LMC system (e.g
Garavito-Camargo et al. 2019) needs to be explored in future work.

Finally, we note that this procedure assumes that the “true”
Milky Way mass profile does not include the mass of the LMC itself.
At 1.5 ⇥ 1011M� it is clear that this is a significant contribution to
the total Milky Way mass. However, the rapid orbit, and likely non-
uniform distribution of LMC mass throughout the Galaxy, means
that any equilibrium modelling can only hope to correct for the
perturbation of the LMC, and recover the mass profile before the
LMC was accreted. This means that when comparing to the total
Milky Way mass in cosmological simulations, which includes all
the mass within a spherical aperture like the virial radius, the mass
of the LMC must be added to the derived equilibrium mass.

4.2 Unrelaxed Substructure

One only needs to visualise the iconic “field of streams” image of
the Galactic stellar halo (Belokurov et al. 2006) to see that the stellar
halo does not consist of a smooth distribution of stars. Indeed, both
observations and simulations have shown that the majority of the
(distant) stellar halo is a superposition of the stripped material from
destroyed dwarf galaxies; this debris can be lumpy, non-spherical
and can have significant velocity gradients. Previous work has in-
vestigated how equilibrium modeling holds up under more realistic
stellar haloes from simulations (Yencho et al. 2006; Eadie et al.
2018; Wang et al. 2015; Han et al. 2016; Sanderson et al. 2017;
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Figure 1. Top panels: The average Elos and E1 velocity components as a
function of I in the Erkal et al. (2020) stellar halo models with an 1.5 ⇥
1011M� LMC. The solid black and dashed red lines are models with 0.8 ⇥
1012M� (used in the fiducial model) and 1.2 ⇥ 1012M� mass dark matter
haloes, respectively. Note the E; component is una�ected by the presence of
the LMC. These velocity o�sets are used to correct the stellar halo kinematics
to approximate equilibrium. Bottom panels: The circular velocity and mass
profiles between 50-100 kpc derived from a selection of # = 485 stars from
the fiducial Erkal et al. (2020) model. The stars are selected to have the same
Galactic (;, 1) distribution as the observed sample. Power-law distribution
functions are used to estimate the mass profiles, as described in Section
3. The solid black line shows the resulting profile when no correction to
the stellar velocities is applied, and the solid blue line is the result when a
correction is applied. The gray shaded and blue line-filled regions indicate
the 1 � f confidence regions. The “true” mass profiles are shown with the
dashed red line. Note that this “truth" is the MW mass profile before the
LMC has been accreted. When a correction is applied our method is able
to reproduce the true MW profile within the 1 � f uncertainty; the mass is
typically overestimated when no correction is applied.

and LMC potential in response to each other, and any resonances in
the Milky Way’s dark matter halo, are not included in the models.
That said, the simulations do account for the deformation of the
stellar halo, and the predictions for stellar halo kinematics using the
models in Erkal et al. (2020) appear to reproduce the salient features
in the predictions of the more realistic, fully deforming models in
Garavito-Camargo et al. (2019).

We select # = 485 halo stars from the Erkal et al. model
(the same number as our observed sample when Sgr is excluded)
between 50-100 kpc, which are chosen to follow the Galactic (;, 1)
distribution of the observed sample. The slope of the model stellar
halo in this radial range is U = 3.4, and we assume that this slope is
known in our analysis. We apply our likelihood method directly to
Eqn 1 rather than the LOSVD, and assume all velocity components
are known. As we are interested in systematic e�ects, we do not
consider the statistical uncertainties from measurement errors.

The black lines in the bottom panels of Fig. 1 show the resulting
circular velocity and mass profiles from this exercise. The “true"
profiles for the model are shown with the dashed red lines. The
mass is typically overestimated by ⇠6�7%, and the true profile lies

outside of the 1�f confidence region (shown with the gray shaded
region). Note that Erkal et al. (2020) find a larger bias in this radial
range (⇠ 15%). This di�erence is because the (;, 1) distribution
of our observed sample is not random on the sky; in particular,
a significant fraction of our observed sample (⇠ 40%) lie in the
octant on the sky which, according to the Erkal et al. model, is
least a�ected by the presence of the LMC (the octant defined by
(H, I, G) = (�, +,�), see Fig. 5 in Erkal et al. 2020).

Although the bias in this case is fairly small, we investigate
applying a small correction to minimize this bias. The top panels of
Fig. 1 show the average Elos and E

1
velocity components in the Erkal

et al. (2020) model as a function of height above/below the Galactic
plane (I). Erkal et al. (2020) show that the bulk motion of the distant
stellar halo is mostly upwards, in the EI component. Hence, E

;
is

largely una�ected and the Elos and E
1

components are shifted. The
fiducial model in Erkal et al. (2020) has an 0.8⇥1012M� dark matter
halo. We also show the predicted o�set for a 1.5⇥ more massive
halo with the red dashed lines. The Elos o�set is unchanged, and
the E

1
o�set is slightly reduced. We apply a I dependent correction

to the Elos and E
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velocity components using the trends shown in
the top panel of Fig. 1, i.e. Elos = Elos � E
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Note that we find our results are largely unchanged if we apply an
o�set appropriate for the more massive halo. The resulting circular
velocity mass profiles when this correction is applied are shown
with the blue lines in the bottom panel of the figure. Now, the mass
is only overestimated by ⇠ 3% and the true profile lies within the
1 � f confidence region.

In Section 5 we apply the same correction to the observational
data to approximately account for the reflex motion induced by
the LMC. Here, especially when observational errors are taken into
account, the correction is relatively small, however, such a procedure
will become increasingly more important as we gain larger velocity
samples of halo stars over wider regions of the sky. We stress that
this correction is only appropriate for the Erkal et al. model of the
MW-LMC system, which assumes rigid dark matter potentials. The
model dependence of this e�ect deserves further scrutiny, and, for
example, the influence of the LMC on a live MW-LMC system (e.g
Garavito-Camargo et al. 2019) needs to be explored in future work.

Finally, we note that this procedure assumes that the “true”
Milky Way mass profile does not include the mass of the LMC itself.
At 1.5 ⇥ 1011M� it is clear that this is a significant contribution to
the total Milky Way mass. However, the rapid orbit, and likely non-
uniform distribution of LMC mass throughout the Galaxy, means
that any equilibrium modelling can only hope to correct for the
perturbation of the LMC, and recover the mass profile before the
LMC was accreted. This means that when comparing to the total
Milky Way mass in cosmological simulations, which includes all
the mass within a spherical aperture like the virial radius, the mass
of the LMC must be added to the derived equilibrium mass.

4.2 Unrelaxed Substructure

One only needs to visualise the iconic “field of streams” image of
the Galactic stellar halo (Belokurov et al. 2006) to see that the stellar
halo does not consist of a smooth distribution of stars. Indeed, both
observations and simulations have shown that the majority of the
(distant) stellar halo is a superposition of the stripped material from
destroyed dwarf galaxies; this debris can be lumpy, non-spherical
and can have significant velocity gradients. Previous work has in-
vestigated how equilibrium modeling holds up under more realistic
stellar haloes from simulations (Yencho et al. 2006; Eadie et al.
2018; Wang et al. 2015; Han et al. 2016; Sanderson et al. 2017;
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Figure 1. Top panels: The average Elos and E1 velocity components as a
function of I in the Erkal et al. (2020) stellar halo models with an 1.5 ⇥
1011M� LMC. The solid black and dashed red lines are models with 0.8 ⇥
1012M� (used in the fiducial model) and 1.2 ⇥ 1012M� mass dark matter
haloes, respectively. Note the E; component is una�ected by the presence of
the LMC. These velocity o�sets are used to correct the stellar halo kinematics
to approximate equilibrium. Bottom panels: The circular velocity and mass
profiles between 50-100 kpc derived from a selection of # = 485 stars from
the fiducial Erkal et al. (2020) model. The stars are selected to have the same
Galactic (;, 1) distribution as the observed sample. Power-law distribution
functions are used to estimate the mass profiles, as described in Section
3. The solid black line shows the resulting profile when no correction to
the stellar velocities is applied, and the solid blue line is the result when a
correction is applied. The gray shaded and blue line-filled regions indicate
the 1 � f confidence regions. The “true” mass profiles are shown with the
dashed red line. Note that this “truth" is the MW mass profile before the
LMC has been accreted. When a correction is applied our method is able
to reproduce the true MW profile within the 1 � f uncertainty; the mass is
typically overestimated when no correction is applied.

and LMC potential in response to each other, and any resonances in
the Milky Way’s dark matter halo, are not included in the models.
That said, the simulations do account for the deformation of the
stellar halo, and the predictions for stellar halo kinematics using the
models in Erkal et al. (2020) appear to reproduce the salient features
in the predictions of the more realistic, fully deforming models in
Garavito-Camargo et al. (2019).

We select # = 485 halo stars from the Erkal et al. model
(the same number as our observed sample when Sgr is excluded)
between 50-100 kpc, which are chosen to follow the Galactic (;, 1)
distribution of the observed sample. The slope of the model stellar
halo in this radial range is U = 3.4, and we assume that this slope is
known in our analysis. We apply our likelihood method directly to
Eqn 1 rather than the LOSVD, and assume all velocity components
are known. As we are interested in systematic e�ects, we do not
consider the statistical uncertainties from measurement errors.

The black lines in the bottom panels of Fig. 1 show the resulting
circular velocity and mass profiles from this exercise. The “true"
profiles for the model are shown with the dashed red lines. The
mass is typically overestimated by ⇠6�7%, and the true profile lies

outside of the 1�f confidence region (shown with the gray shaded
region). Note that Erkal et al. (2020) find a larger bias in this radial
range (⇠ 15%). This di�erence is because the (;, 1) distribution
of our observed sample is not random on the sky; in particular,
a significant fraction of our observed sample (⇠ 40%) lie in the
octant on the sky which, according to the Erkal et al. model, is
least a�ected by the presence of the LMC (the octant defined by
(H, I, G) = (�, +,�), see Fig. 5 in Erkal et al. 2020).

Although the bias in this case is fairly small, we investigate
applying a small correction to minimize this bias. The top panels of
Fig. 1 show the average Elos and E
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velocity components in the Erkal

et al. (2020) model as a function of height above/below the Galactic
plane (I). Erkal et al. (2020) show that the bulk motion of the distant
stellar halo is mostly upwards, in the EI component. Hence, E
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is

largely una�ected and the Elos and E
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components are shifted. The
fiducial model in Erkal et al. (2020) has an 0.8⇥1012M� dark matter
halo. We also show the predicted o�set for a 1.5⇥ more massive
halo with the red dashed lines. The Elos o�set is unchanged, and
the E
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o�set is slightly reduced. We apply a I dependent correction
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velocity components using the trends shown in
the top panel of Fig. 1, i.e. Elos = Elos � E
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Note that we find our results are largely unchanged if we apply an
o�set appropriate for the more massive halo. The resulting circular
velocity mass profiles when this correction is applied are shown
with the blue lines in the bottom panel of the figure. Now, the mass
is only overestimated by ⇠ 3% and the true profile lies within the
1 � f confidence region.

In Section 5 we apply the same correction to the observational
data to approximately account for the reflex motion induced by
the LMC. Here, especially when observational errors are taken into
account, the correction is relatively small, however, such a procedure
will become increasingly more important as we gain larger velocity
samples of halo stars over wider regions of the sky. We stress that
this correction is only appropriate for the Erkal et al. model of the
MW-LMC system, which assumes rigid dark matter potentials. The
model dependence of this e�ect deserves further scrutiny, and, for
example, the influence of the LMC on a live MW-LMC system (e.g
Garavito-Camargo et al. 2019) needs to be explored in future work.

Finally, we note that this procedure assumes that the “true”
Milky Way mass profile does not include the mass of the LMC itself.
At 1.5 ⇥ 1011M� it is clear that this is a significant contribution to
the total Milky Way mass. However, the rapid orbit, and likely non-
uniform distribution of LMC mass throughout the Galaxy, means
that any equilibrium modelling can only hope to correct for the
perturbation of the LMC, and recover the mass profile before the
LMC was accreted. This means that when comparing to the total
Milky Way mass in cosmological simulations, which includes all
the mass within a spherical aperture like the virial radius, the mass
of the LMC must be added to the derived equilibrium mass.

4.2 Unrelaxed Substructure

One only needs to visualise the iconic “field of streams” image of
the Galactic stellar halo (Belokurov et al. 2006) to see that the stellar
halo does not consist of a smooth distribution of stars. Indeed, both
observations and simulations have shown that the majority of the
(distant) stellar halo is a superposition of the stripped material from
destroyed dwarf galaxies; this debris can be lumpy, non-spherical
and can have significant velocity gradients. Previous work has in-
vestigated how equilibrium modeling holds up under more realistic
stellar haloes from simulations (Yencho et al. 2006; Eadie et al.
2018; Wang et al. 2015; Han et al. 2016; Sanderson et al. 2017;


