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Abstract

High-accuracy proper motions (PMs) of M31 and other Local Group (LG) satellites have now been provided by
the Gaia satellite. We revisit the timing argument to compute the total mass M of the LG from the orbit of the
Milky Way and M31, allowing for the cosmological constant. We rectify a systematic effect caused by the
presence of the Large Magellanic Cloud (LMC). The interaction of the LMC with the Milky Way induces a motion
toward the LMC. This contribution to the measured velocity of approach of the Milky Way and M31 must be
removed. We allow for cosmic bias and scatter by extracting correction factors tailored to the accretion history of
the LG. The distribution of correction factors is centered around 0.63 with a scatter of +0.2, indicating that the
timing argument significantly overestimates the true mass. Adjusting for all these effects, the estimated mass of the
LG is M = 3477 x 10'2M,, (68% CL) when using the M31 tangential velocity, v, = 82735 km s~!. Lower
tangential velocity models with v, = 59732 km s~! (derived from the same PM data with a flat prior on the
tangential velocity) lead to an estimated mass of M = 3.1713 x 10'2M,, (68% CL). By making an inventory of the
total mass associated with the four most substantial LG members (the Milky Way, M31, M33, and the LMC), we
estimate the known mass to be in the range 3.7702 x 10'2 M,
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1. Introduction

The timing argument (TA) is a simple way of working out
the mass M of the Local Group (LG). In its earliest
manifestation (Kahn & Woltjer 1959), the Milky Way and
M31 protogalaxies are assumed to have a small separation at
the time of the Big Bang. They travel away from each other in
the Hubble flow (see Banik & Zhao 2016 for a general
relativistic derivation). If there is enough mass present, their
expansion is reversed. Given an estimate of the age of the
universe, together with their present separation and velocity of
approach, then the equations of motion can be solved to give
the mass of the LG. Kahn & Woltjer (1959) did this assuming
the Milky Way and M31 are on an exactly radial orbit. Einasto
& Lynden-Bell (1982) showed that the problem retained an
analytic solution, even if M31 has some tangential motion.

Since then, many elaborations of the TA have been
proposed, including (i) the effects of the tidal influence of
galaxies outside the LG, which is minor (Raychaudhury &
Lynden-Bell 1989); (ii) the introduction of a cosmological
constant, which manifests itself as an additional expansion term
and increases the LG mass by ~10% (Partridge et al. 2013);
(iii) corrections for the effects of hierarchical growth of the two
galaxies by comparisons with cosmological
simulations (Kroeker & Carlberg 1991; Li & White 2008),
which shows the TA is (mostly) unbiased though it suffers
from cosmic scatter; and (iv) successive refinements of the
M31 orbit in view of the improving observational accuracy of
M31’s tangential motion (van der Marel et al. 2012, 2019).
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BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

In this Letter, we revisit the TA. Our motivations are
twofold. First, we wish to exploit the new measurement of the
proper motion of M31 provided by the Gaia satellite (van der
Marel et al. 2019; Salomon et al. 2021). Second, we identify
sources of systematic error in applications of the TA, which
needs correction. Recent work, again driven by data from the
Gaia satellite, has shown that the Large Magellanic Cloud
(LMC) is much more massive than originally envisaged. It is
pulling the central parts of the Milky Way toward it (Erkal et al.

2021; Petersen & Pefiarrubia 2021; Garavito-Camargo et al.
2021), and so the measured line-of-sight velocity of M31 needs
to be corrected before the TA can be applied. This effect on the
TA was noted before by Penarrubia et al. (2016), though their
analysis method differs from that presented here. Equally
important, we include the corrections for the TA-derived mass
calibrated on pairs of galaxies extracted from cosmological
simulations (Hartl & Strigari 2022, in preparation), which have
orbits similar to those of M31 and the Milky Way. In this
procedure, it is of crucial importance to ensure that the mock
pairs match the LG as closely as possible.

The material is arranged as follows. In Section 2, we
estimate the known mass in the LG from stellar/satellite
kinematics. Section 3 implements our corrections to the TA,
while Section 4 provides a discussion of the results.

2. The LG Mass Budget from Kinematics

The LG mass can be estimated by modeling the kinematics
of tracers (halo stars, satellite galaxies, and globular clusters or
HT gas) around its prominent members. This assumes that the
dark matter is clustered around the major galaxies and not
distributed throughout the LG (as originally envisaged in Kahn
& Woltjer 1959).
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The advent of Gaia data has substantially reduced the
uncertainty on the virial mass of the Milky Way Myw, with the
most recent measurements satisfying 1.17793! x 10'2M
(Callingham et al. 2019, see also Watkins et al. 2019 and Fritz
et al. 2020 for similar results). M31 is more massive than the
Milky Way with dynamical arguments suggesting
Myz; = 1.8 £0.5 (Shull 2014, see also Diaz et al. 2014 and
Karachentsev & Kudrya 2014 for similar values). This suggests
that the mass associated with the two largest galaxies in the LG
is 3.0703 x 10'2M,,.. Note that the virial mass of M31 is more
uncertain than that of the Milky Way, and it remains (just)
possible that the mass ratio is close to unity (e.g., Evans &
Wilkinson 2000; Fardal et al. 2013; Kafle et al. 2018), which
gives us a lower bound.

The next most massive members of the LG in decreasing
order are M33 with My;33 = 5.0 & 1.0 x 10"'M_, (Corbelli et al.

2014; Kam et al. 2017) and the LMC with
Mimc=1.8+0.4 x 10""M., (Erkal et al. 2019; Shipp et al.
2021). M32 is a compact dwarf elliptical with a current mass at
least an order of magnitude less than that of M33. Its progenitor
may once have been more massive than M33, though much of
its tidally stripped material is now in the halo of M31 (D’Souza
& Bell 2018) and so already accounted for in our inventory.
We surmise that the minor members of the LG contribute about
0.7 x 10"*M_, to the mass budget. We conclude that the total
mass in the LG—as judged from kinematics of tracers—is at
least 3.0x 10"°M. and most likely in the range
37405 x 10M,,.

3. The Timing Argument Revisited
3.1. The Data

We take the current values of the separation between the
Milky Way and M31 as r =770 =40 kpc and the heliocentric
line-of-sight velocity as vjos = —301 & 1 km s~ ' (van der Marel
et al. 2012). The measurement of the proper motion (PM) of
M31 has been refined over the last decade. van der Marel et al.
(2012) used Hubble Space Telescope (HST) observations in
three small off-centered fields in conjunction with a model for
its internal kinematics, deriving the mean PM of M31 to be
fo=45+13 pasyr ', pus=—32=4 12 pas yr '. This value is
dominated by the solar velocity with respect to the Milky Way
center, which corresponds to ,ufeﬂe’}‘— {38, —22} pasyr ' at
the distance of M31 (770 £ 40 kpc). Thus the reflex-corrected
PM is consistent with zero, and they gave a 1o upper limit on
the tangential velocity at 34kms~'. More recently, van der
Marel et al. (2019) computed an independent estimate of M31’s
absolute PM from Gaia Data Release 2, which had twice larger
uncertainties than the HST-based value and is also larger in an
absolute sense: p, s = {65 £ 18, —57 £ 15} pas yrfl, with an
additional systematic uncertainty of 16 gasyr~ ' in each
component. The error-weighted average of the two independent
measurements is fi,s= {49 £ 11, —38 11} pas yrf1 and
corresponds to a reflex-corrected tangential velocity of
57+35 km s~!. Salomon et al. (2021) used the updated Gaia
Early Data Release 3 astrometry to measure ji, 5= {49 £ 11,
—37 4 8} pas yr ', which is very close to the weighted average
derived in van der Marel et al. (2019); however, they reported
the reflex-corrected tangential velocity to be 82+ 31kms .
The discrepancy between the two studies stems from the way
the distribution of tangential velocities is derived from the
distribution of PMs. van der Marel et al. (2019), following their
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Figure 1. The separation of the LG as r — 0 (the Big Bang) for different
masses with different tangential velocities: vy = 17 km s™! (orange; van der
Marel et al. 2012), vy = 57 km s~! (green; van der Marel et al. 2019), and

Vian = 82.5 km s~! (red; Salomon et al. 2021). The minimum separation gives
the mass of the LG implied by the TA.

earlier work (Section3.1 in van der Marel & Guhatha-
kurta 2008), derive the posterior distribution of the magnitude
of the two-dimensional tangential velocity vector w,, by
convolving the observed Gaussian PM distribution with a
prior on the tangential velocity P(|wa,|), which they take to be
flat in |[w,,|, favoring smaller values. By contrast, Salomon et al.
(2021) simply convert both reflex-corrected PM components
into velocity and sum them in quadrature, which effectively
means using a flat prior on each component of w,,, ie.,
P(Ivanl) o< [Vianl-

As there is no convincing reason in favor of or against the
use of van der Marel & Guhathakurta’s (2008) prior, we
consider both alternatives, drawing Monte Carlo samples from
the distribution of observed PM values (taken from Salomon
et al. 2021 in both cases) with or without the additional
reweighting by the prior. It is intuitively clear that increasing
the M31 tangential velocity makes the M31 orbit less eccentric,
and therefore, the LG mass must increase (for a fixed age of the
universe).

3.2. The TA Algorithm with Cosmological Constant

The center-of-mass coordinate system is defined by the
relative distance r = |y3; — Auw| and the relative velocity
V = dr/dt. The masses are replaced by the total mass M :=
myw + My3p. In polar coordinates (r, ), the relative distance
variation now reads (Emelyanov et al. 2015; Carrera &
Giulini 2006; Emelyanov & Kovalyov 2013)

2

P= r_om + Ac r, (1)

7 r?
where [ is the conserved angular momentum per mass
(I = r*p = r V,). Based on Partridge et al. (2013), we include
the cosmological constant A =(4.24 +0.11) x 107%eV? as
determined by the latest Planck measurements (Planck
Collaboration 2020). We integrate orbits back in time to the
Big Bang using the age of the universe #, = 13.799 +0.021
Gyr, also taken from the Planck measurements.

Note that the inclusion of the cosmological constant means
that the mass of the LG inferred from the TA is no longer
analytic. To calculate it, we reverse the direction of time and
compute the separation at the Big Bang. When the curve is at a
minimum, this is the mass implied by the TA. Figure 1
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illustrates the method by showing the separation at the Big
Bang against the mass of the LG for different v,,. As expected,
an increase in the tangential velocity implies a larger M value.

3.3. The Effect of the Large Magellanic Cloud

The Milky Way is peculiar in having an unusually large,
nearby satellite galaxy, the LMC. The importance of this
interloper for the Milky Way has become clear over the last
years (Gomez et al. 2015; Erkal et al. 2021; Petersen &
Pefiarrubia 2021; Garavito-Camargo et al. 2021). The central
part of the Milky Way (which includes the solar neighborhood)
is pulled downwards toward the LMC on its pericenter passage,
though the sluggish outer parts stay put. The measured
heliocentric line-of-sight velocity and PM of M31 therefore
include a contribution due to this downward motion, which we
would like to remove.

Penarrubia et al. (2016) accounted for the presence of the
LMC by assuming that it forms a two-point-mass system with
the Milky Way and that M31 moves around the barycenter of
this combined system. The displacement and velocity shift of
the Milky Way relative to the barycenter are obtained by
multiplying the relative position and velocity of the LMC in the
Milky  Way—centered frame by the mass ratio
Mivc/Mmw + Mpmc)- These offsets need to be subtracted
from the current position and velocity of M31 in the Milky
Way—centered frame prior to computing its trajectory in the
barycentric system. This argument is qualitatively correct but
ignores the fact that the LMC is currently only ~50 kpc from
the Milky Way center and that the enclosed mass of the Milky
Way within this radius is substantially smaller than its total
mass—in other words, it underestimates the actual displace-
ment of the central region of the Milky Way caused by
the LMC.

A more sophisticated technique to compensate for the LMC
perturbation was recently introduced by Correa Magnus &
Vasiliev (2022). It starts by computing the past trajectory of the
Milky Way and the LMC under their mutual gravitational
attraction, using the actual (distance-dependent) force from
each galaxy rather than the point-mass approximation implied
by Penarrubia et al.’s (2016) method. Once this has been done
for a given choice of Milky Way and LMC potentials, we
integrate the orbit of M31 in this time-dependent potential of
both galaxies backward in time until the LMC perturbation is
negligible, and then integrate it forward without the LMC to the
present epoch. For simplicity, the Milky Way potential is fixed
to a Navarro-Frenk—White (NFW) halo with virial mass
M. =1.1x 1012M(:, virial radius r,;; =270kpc, and a con-
centration ¢ = 13.5, but we take into account the uncertainty on
the LMC mass by sampling it from a log-normal distribution
centered on log,(Mimc) = 11.15 with width 0.15 dex and
repeating the orbit rewinding step for each choice of
LMC mass.

The left-hand panel of Figure 2 shows the posterior
distribution of M31’s Galactocentric radial and tangential
velocity components v,,q and vy,, with or without the LMC
correction. The use of a prior from van der Marel &
Guhathakurta (2008) results in a lower tangential velocity,
Vian = 59 £ 34 km s~!, while the use of raw PM measurements
produces a higher vy, = 78 £ 32 km s~L. In both cases, the
compensation of the LMC perturbation increases v, by
25-30kms ', changes v, from —114+1 to
—75+15kms™', and increases the distance by ~40kpc.
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Figure 2. Posterior distribution of values of M31’s radial and tangential
velocity for two sets of Monte Carlo samples generated from the same PM
measurements by Salomon et al. (2021): using the prior on the magnitude of
Vian from van der Marel & Guhathakurta (2008) results in lower values (short
dashes) while using the raw PM measurements without any reweighting
produces higher values (long dashes). In both cases, the radial velocity is ~
—114 + 1 km s™'. After compensating for the LMC perturbation as described
in Section 3.3, we find that v, is increased by 25-30 km s71, and vy is shifted
to —75 + 15 km s~ . This distribution is shown by the short— and long—dotted—
dashed contours and shaded in green. These distributions are compared to the
radial and tangential velocities of galaxy pairs selected from the IllustrisTNG
cosmological simulation, in which the mass correction factor is computed as
the ratio of the actual combined mass of both galaxies to the mass obtained
from TA, as described in Hartl & Strigari (2022, in preparation) and
Section 3.4. Points in the left panel are colored according to the correction
factor, while the right panel shows the histogram of correction factors in the
sample of galaxy pairs.

The marginalized posterior distributions of v, for all four
cases are also shown in the left-hand panel of Figure 3.
Compared to the simpler model for the barycentric motion used
in Penarrubia et al. (2016), our velocity correction is roughly
twice higher for the given LMC mass, but because that paper
used a significantly larger range of LMC masses with a median
at 2.5 x 10" M., the velocity correction is quite similar in
absolute terms.

3.4. Cosmic Bias and Scatter

Owing to simplifications in the TA, the mass estimate may
suffer from systematic bias and scatter. Li & White (2008, see
their Figure 1) found that the TA mass is unbiased, though with
some scatter, using analogues of the Milky Way-M31 pair
extracted from the dissipationless Millennium simulation.
However, Gonzilez et al. (2014) noted the TA mass is only
unbiased on average and can be an overestimate if the pairs are
restricted to having radial and tangential velocities similar to
those of the true Milky Way and M31. The matter has been re-
investigated recently by Hartl & Strigari (2022, in preparation),
who used the IllustrisTNG N-body and hydrodynamical
simulations. They also found a tendency of the TA mass to
be overestimated. Specifically, Hartl & Strigari (2022, in
preparation) identify 580 bound analogues of the LG by a
series of cuts on the B-band magnitude, separation, velocity of
approach, and total velocity, computing distributions of P(A),
where A is the ratio of true mass to mass predicted by the TA.
We tailor the Hartl & Strigari (2022, in preparation) sample by
imposing three new cuts: (i) a separation between 650 and 950
kpc; (i) a mass ratio within a factor of 4; and (iii)
—150 < Vrag < Vean — 100 km s~ ! so it resembles the actual
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Figure 3. The posterior distribution of the tangential velocity and the inferred LG mass. The left panel shows the distribution of M31’s tangential velocities in two
cases: “low” (short dashes) uses the prior from van der Marel & Guhathakurta (2008), “high” (long dashes) uses just raw proper motion measurements from Salomon
et al. (2021) without any further reweighting. In both cases, we also show the velocity that would be measured in the absence of the LMC, as explained in Section 3.3
(short— and long—dotted—dashed respectively). The right panel shows the distribution of LG masses for the high-v,, case only (the results for the low v,, case are very
similar) in four possible combinations: pure TA (dashed red), compensating for the LMC perturbation (dotted—dashed green), multiplying the inferred mass by a
cosmic bias correction factor A sampled from the distribution obtained by Hartl & Strigari (2022, in preparation) as explained in Section 3.4 (dotted purple), and
including both corrections (solid blue). The center panel shows the 1o and 20 contours of the two-dimensional posterior distribution of both quantities for three of
these cases (omitting TA+CB for clarity), using the same colors and line styles as in the right panel.

distribution of LMC-corrected velocities as shown in Figure 2.
This retains 160 galaxy pairs, with the distribution P(A) shown
on the right panel of that figure centered around A = 0.63 with
a scatter £0.2.

To incorporate uncertainties, we use the Markov Chain
Monte Carlo method. We sample 10* values for the initial
conditions vector {7, Viaq, Vian, o, A} and calculate the corresp-
onding predicted mass, and then convolve this TA-predicted
mass distribution with the distribution of correction factors P
(A). We assume the initial conditions for #y and A have a
normal distribution with the mean and dispersion given by the
estimate from Planck and its reported uncertainty.

4. Results and Discussion

The right panel of Figure 3 shows the posterior distributions
of the total LG mass obtained for the high M31 tangential
velocity case, including or not the correction for the LMC
perturbation and cosmic scatter. The central panel shows the
two-dimensional posterior distributions. The results are sum-
marized in Table 1, together with the low tangential velocity
case. We also record the posterior probability P; that M lies in
the range 3.7703 x 10'2M,,. This is informed by our inventory
of the LG mass in Section 2.

The effect of correcting for the LMC’s perturbation is to
decrease the inferred LG mass by ~10%. Although the
correction increases the tangential velocity of M31, which
normally would lead to a higher LG mass from TA, it also
affects the radial velocity and the distance, so the net result is
the opposite (a downward shift). To the lowest order, this
counteracts the effect of the cosmological constant, which acts
in the opposite sense by a similar amount (e.g., Partridge et al.
2013; Benisty & Guendelman 2020; Benisty 2021). Note that
further corrections to the infall velocity are probably also
needed because of the effects of M33 and M32. M33 and M31
came within ~50kpc of each other in the past, ~6.5 Gyr
ago (Tepper-Garcia et al. 2020), while M32 may have even
been more massive than M33 before its catastrophic encounter
with M31. Although the effects of these interactions require

Table 1
The Predicted TA Mass under Different Assumptions on the M31’s Tangential
Velocity and Including or Not the Correction for the LMC and Cosmic Bias
(CB) Separately and Together

Model M(10"°M.,) P,

pure TA 6.0703 0.008
TA+LMC 5.651% 0.10
TA+CB 3.9413 0.32
TA+CB+LMC 3.4+ 0.29
same, low Vi, 3143 0.26

Note. The first four lines use a flat prior resulting in higher values for vy,,, the
last one uses a prior from van der Marel & Guhathakurta (2008) resulting in
lower v, which reduces the inferred LG mass by <10%. P; is the posterior
probability enclosed by the observational range 3.7103 x 10'2M,,.

detailed modeling, they are probably <10% (as less important
than the LMC).

The effect of correction for cosmic bias and scatter is
substantial, reducing the median LG mass by a factor of ~1.5
and increasing its relative uncertainty by a similar amount. In
constructing our distribution of correction factors A, we
ensured as much as possible that our mock LGs match the
distribution of LMC-corrected velocities of infall. There is a
wide range of accretion histories in any mock LGs extracted
from simulations. It is important to condition distributions on
the true environment of the LG as much as possible, as first
clearly realized by Gonzdlez et al. (2014). The pure TA mass—
in our case, 6.07)3M.—can then be a serious overestimate of
the true mass. From Table 1, we see that the mass of the LG is
34711 x 102M, with the raw data (the high-vy,, case). If the
van der Marel & Guhathakurta (2008) prior is used, then the
mass is 3.1713 x 10'2M_ (the low-vy, case). Both are in
reasonable accord with the dynamically estimated LG mass as
quoted in Section 2.

Because the LG is assumed to be a closed system, the total
energy is negative E <0; otherwise, M31 could approach
infinity. From this limit, we get an expression for the minimum
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This work (high Vi,,): TA + CB + LMC
This work (low Via,): TA + CB + LMC
Lemos et al 2021, Cosmological sims, (DE)
Hartl & Strigari 2021, TA + CB

o— Hartl & Strigari 2021, VT + CB
Benisty et al 2018, TA
McLeod et al 2017, TA
McLeod et al 2017, Comological sims, (NN)
Carlesi et al 2017, Constrained sims

Penarrubia et al 2016, Restricted sims
Diaz et al 2014, VT
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Figure 4. Comparison of recent estimates of the LG mass, shown as best fit and
68% confidence intervals. The red vertical band shows the range
37403 x 10'2M,, computed using the recent estimates of the mass of the
Milky Way and M31 with the claimed observational errors. (Here, VT = virial
theorem, TA = timing argument, CB = cosmic bias. A number of authors used
LG analogues extracted from cosmological simulations but differed in the use
of interpolating methods, namely NN = neural networks, Li = likelihood,
DE = likelihood-free density estimation.)

mass (cf. Chernin et al. 2009): GMi, = rv2/2 — Ac?r3/6. For
the low tangential velocity, the minimum mass is
1.27+£0.11 x 10'”M_,, and for the high tangential velocity,
the minimum mass is a bit larger: 1.61 +0.24 x 10"*M,..
These numbers may be compared with the observationally
derived lower limit to the LG mass of ~3 x 10"?M,, in
Section 2.

Figure 4 compares the value obtained in this paper with other
recent measurements. Notice that our masses are somewhat
lower than (though still consistent with) a number of other
recent estimates, such as the numerical implementation of least
action (Phelps et al. 2013; Banik & Zhao 2017),
simulations (Gonzalez et al. 2014; Carlesi et al. 2017), neural
networks (McLeod et al. 2017), and likelihood-free density
estimation (Lemos et al. 2021). However, estimates in Figure 4
based on the virial theorem (e.g., Diaz et al. 2014; Hartl &
Strigari 2022, in preparation) or on the assumption of pure
radial orbits (Penarrubia et al. 2016) are systematically lower
than our values. While the outer parts of the LG are not
virialized, Hartl & Strigari (2022. in preparation) showed that
the virial mass estimator is unbiased, but the scatter around the
true value is much larger for virial mass estimators than for the
TA, rendering it a much less satisfactory method. The high
recession velocities of some outlying have been suggested as
evidence for a past encounter between the Milky Way and
M31 (Banik & Zhao 2017). This is possible in some modified
gravity theories, though not in the ACDM paradigm used in
this paper.

Overall, we conclude that the LG mass derived via the TA—
if calibrated against realistic analogues in simulations—is in
reasonable agreement with the mass known to be associated
with the Milky Way, the LMC, M31, and M33. Gaia has
improved the accuracy with which the first two are known. The
main observational uncertainty that remains is the virial mass
of M31, on which future work could usefully be concentrated.
But, the TA works better than we have a right to expect such a
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simple argument to do—once corrected from the effects of the
LMC and cosmic bias!

E.V. is supported by the Consolidated Grant, while D.B.
thanks the Blavatnik and the Rothschild Foundations for

support and partial support from European COST actions
CA15117 and CA18108.

ORCID iDs

David Benisty @ https: //orcid.org/0000-0002-9578-3081
Eugene Vasiliev © https: //orcid.org /0000-0002-5038-9267
Louis E. Strigari ® https: //orcid.org/0000-0001-5672-6079

References

Banik, 1., & Zhao, H. 2016, MNRAS, 459, 2237

Banik, 1., & Zhao, H. 2017, MNRAS, 467, 2180

Benisty, D. 2021, A&A, 656, A129

Benisty, D., & Guendelman, E. 1. 2020, PDU, 30, 100708

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

Carlesi, E., Hoffman, Y., Sorce, J. G., & Gottlober, S. 2017, MNRAS,
465, 4886

Carrera, M., & Giulini, D. 2006, arXiv:gr-qc/0602098

Chernin, A. D., Teerikorpi, P., Valtonen, M. J., et al. 2009, A&A, 507, 1271

Corbelli, E., Thilker, D., Zibetti, S., Giovanardi, C., & Salucci, P. 2014, A&A,
572, A23

Correa Magnus, L., & Vasiliev, E. 2022, MNRAS, 511, 2610

Diaz, J. D., Koposov, S. E., Irwin, M., Belokurov, V., & Evans, N. W. 2014,
MNRAS, 443, 1688

D’Souza, R., & Bell, E. F. 2018, NatAs, 2, 737

Einasto, J., & Lynden-Bell, D. 1982, MNRAS, 199, 67

Emelyanov, N. V., & Kovalyov, M. Y. 2013, MNRAS, 429, 3477

Emelyanov, N. V., Kovalyov, M. Y., & Chernin, A. D. 2015, ARep, 59, 510

Erkal, D., Belokurov, V., Laporte, C. F. P., et al. 2019, MNRAS, 487, 2685

Erkal, D., Deason, A. J., Belokurov, V., et al. 2021, MNRAS, 506, 2677

Evans, N. W., & Wilkinson, M. 1. 2000, MNRAS, 316, 929

Fardal, M. A., Weinberg, M. D., Babul, A., et al. 2013, MNRAS, 434, 2779

Fritz, T. K., Di Cintio, A., Battaglia, G., Brook, C., & Taibi, S. 2020, MNRAS,
494, 5178

Garavito-Camargo, N., Besla, G., Laporte, C. F. P., et al. 2021, ApJ, 919, 109

Goémez, F. A., Besla, G., Carpintero, D. D., et al. 2015, ApJ, 802, 128

Gonzilez, R. E., Kravtsov, A. V., & Gnedin, N. Y. 2014, ApJ, 793, 91

Kafle, P. R., Sharma, S., Lewis, G. F., Robotham, A. S. G., & Driver, S. P.
2018, MNRAS, 475, 4043

Kahn, F. D., & Woltjer, L. 1959, ApJ, 130, 705

Kam, S. Z., Carignan, C., Chemin, L., et al. 2017, AJ, 154, 41

Karachentsev, 1. D., & Kudrya, Y. N. 2014, AJ, 148, 50

Kroeker, T. L., & Carlberg, R. G. 1991, ApJ, 376, 1

Lemos, P., Jeffrey, N., Whiteway, L., et al. 2021, PhRvD, 103, 023009

Li, Y.-S., & White, S. D. M. 2008, MNRAS, 384, 1459

McLeod, M., Libeskind, N., Lahav, O., & Hoffman, Y. 2017, JCAP, 2017, 034

Partridge, C., Lahav, O., & Hoffman, Y. 2013, MNRAS, 436, 45

Penarrubia, J., Gomez, F. A., Besla, G., Erkal, D., & Ma, Y.-Z. 2016, MNRAS,
456, L54

Petersen, M. S., & Pefarrubia, J. 2021, NatAs, 5, 251

Phelps, S., Nusser, A., & Desjacques, V. 2013, ApJ, 775, 102

Planck Collaboration 2020, A&A, 641, A6

Raychaudhury, S., & Lynden-Bell, D. 1989, MNRAS, 240, 195

Salomon, J. B., Ibata, R., Reylé, C., et al. 2021, MNRAS, 507, 2592

Shipp, N., Erkal, D., Drlica-Wagner, A., et al. 2021, ApJ, 923, 149

Shull, J. M. 2014, Apl, 784, 142

Tepper-Garcia, T., Bland-Hawthorn, J., & Li, D. 2020, MNRAS, 493, 5636

van der Marel, R. P., Fardal, M., Besla, G, et al. 2012, ApJ, 753, 8

van der Marel, R. P., Fardal, M. A., Sohn, S. T., et al. 2019, ApJ, 872, 24

van der Marel, R. P., & Guhathakurta, P. 2008, ApJ, 678, 187

Watkins, L. L., van der Marel, R. P., Sohn, S. T., & Evans, N. W. 2019, ApJ,
873, 118


https://orcid.org/0000-0002-9578-3081
https://orcid.org/0000-0002-9578-3081
https://orcid.org/0000-0002-9578-3081
https://orcid.org/0000-0002-9578-3081
https://orcid.org/0000-0002-9578-3081
https://orcid.org/0000-0002-9578-3081
https://orcid.org/0000-0002-9578-3081
https://orcid.org/0000-0002-9578-3081
https://orcid.org/0000-0002-5038-9267
https://orcid.org/0000-0002-5038-9267
https://orcid.org/0000-0002-5038-9267
https://orcid.org/0000-0002-5038-9267
https://orcid.org/0000-0002-5038-9267
https://orcid.org/0000-0002-5038-9267
https://orcid.org/0000-0002-5038-9267
https://orcid.org/0000-0002-5038-9267
https://orcid.org/0000-0001-5672-6079
https://orcid.org/0000-0001-5672-6079
https://orcid.org/0000-0001-5672-6079
https://orcid.org/0000-0001-5672-6079
https://orcid.org/0000-0001-5672-6079
https://orcid.org/0000-0001-5672-6079
https://orcid.org/0000-0001-5672-6079
https://orcid.org/0000-0001-5672-6079
https://doi.org/10.1093/mnras/stw787
https://ui.adsabs.harvard.edu/abs/2016MNRAS.459.2237B/abstract
https://doi.org/10.1093/mnras/stx151
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.2180B/abstract
https://doi.org/10.1051/0004-6361/202142096
https://ui.adsabs.harvard.edu/abs/2021A&A...656A.129B/abstract
https://doi.org/10.1016/j.dark.2020.100708
https://ui.adsabs.harvard.edu/abs/2020PDU....3000708B/abstract
https://doi.org/10.1093/mnras/stz365
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.5453C/abstract
https://doi.org/10.1093/mnras/stw3073
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.4886C/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.4886C/abstract
http://arxiv.org/abs/gr-qc/0602098
https://doi.org/10.1051/0004-6361/200912762
https://ui.adsabs.harvard.edu/abs/2009A&A...507.1271C/abstract
https://doi.org/10.1051/0004-6361/201424033
https://ui.adsabs.harvard.edu/abs/2014A&A...572A..23C/abstract
https://ui.adsabs.harvard.edu/abs/2014A&A...572A..23C/abstract
https://doi.org/10.1093/mnras/stab3726
https://ui.adsabs.harvard.edu/abs/2022MNRAS.511.2610C/abstract
https://doi.org/10.1093/mnras/stu1210
https://ui.adsabs.harvard.edu/abs/2014MNRAS.443.1688D/abstract
https://doi.org/10.1038/s41550-018-0533-x
https://ui.adsabs.harvard.edu/abs/2018NatAs...2..737D/abstract
https://doi.org/10.1093/mnras/199.1.67
https://ui.adsabs.harvard.edu/abs/1982MNRAS.199...67E/abstract
https://doi.org/10.1093/mnras/sts619
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.3477E/abstract
https://doi.org/10.1134/S1063772915050029
https://ui.adsabs.harvard.edu/abs/2015ARep...59..510E/abstract
https://doi.org/10.1093/mnras/stz1371
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.2685E/abstract
https://doi.org/10.1093/mnras/stab1828
https://ui.adsabs.harvard.edu/abs/2021MNRAS.506.2677E/abstract
https://doi.org/10.1046/j.1365-8711.2000.03645.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.316..929E/abstract
https://doi.org/10.1093/mnras/stt1121
https://ui.adsabs.harvard.edu/abs/2013MNRAS.434.2779F/abstract
https://doi.org/10.1093/mnras/staa1040
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.5178F/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.5178F/abstract
https://doi.org/10.3847/1538-4357/ac0b44
https://ui.adsabs.harvard.edu/abs/2021ApJ...919..109G/abstract
https://doi.org/10.1088/0004-637X/802/2/128
https://ui.adsabs.harvard.edu/abs/2015ApJ...802..128G/abstract
https://doi.org/10.1088/0004-637X/793/2/91
https://ui.adsabs.harvard.edu/abs/2014ApJ...793...91G/abstract
https://doi.org/10.1093/mnras/sty082
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.4043K/abstract
https://doi.org/10.1086/146762
https://ui.adsabs.harvard.edu/abs/1959ApJ...130..705K/abstract
https://doi.org/10.3847/1538-3881/aa79f3
https://ui.adsabs.harvard.edu/abs/2017AJ....154...41K/abstract
https://doi.org/10.1088/0004-6256/148/3/50
https://ui.adsabs.harvard.edu/abs/2014AJ....148...50K/abstract
https://doi.org/10.1086/170249
https://ui.adsabs.harvard.edu/abs/1991ApJ...376....1K/abstract
https://doi.org/10.1103/PhysRevD.103.023009
https://ui.adsabs.harvard.edu/abs/2021PhRvD.103b3009L/abstract
https://doi.org/10.1111/j.1365-2966.2007.12748.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.384.1459L/abstract
https://doi.org/10.1088/1475-7516/2017/12/034
https://ui.adsabs.harvard.edu/abs/2017JCAP...12..034M/abstract
https://doi.org/10.1093/mnrasl/slt109
https://ui.adsabs.harvard.edu/abs/2013MNRAS.436L..45P/abstract
https://doi.org/10.1093/mnrasl/slv160
https://ui.adsabs.harvard.edu/abs/2016MNRAS.456L..54P/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.456L..54P/abstract
https://doi.org/10.1038/s41550-020-01254-3
https://ui.adsabs.harvard.edu/abs/2021NatAs...5..251P/abstract
https://doi.org/10.1088/0004-637X/775/2/102
https://ui.adsabs.harvard.edu/abs/2013ApJ...775..102P/abstract
https://doi.org/10.1051/0004-6361/201833910
https://ui.adsabs.harvard.edu/abs/2020A&A...641A...6P/abstract
https://doi.org/10.1093/mnras/240.2.195
https://ui.adsabs.harvard.edu/abs/1989MNRAS.240..195R/abstract
https://doi.org/10.1093/mnras/stab2253
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.2592S/abstract
https://doi.org/10.3847/1538-4357/ac2e93
https://ui.adsabs.harvard.edu/abs/2021ApJ...923..149S/abstract
https://doi.org/10.1088/0004-637X/784/2/142
https://ui.adsabs.harvard.edu/abs/2014ApJ...784..142S/abstract
https://doi.org/10.1093/mnras/staa317
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.5636T/abstract
https://doi.org/10.1088/0004-637X/753/1/8
https://ui.adsabs.harvard.edu/abs/2012ApJ...753....8V/abstract
https://doi.org/10.3847/1538-4357/ab001b
https://ui.adsabs.harvard.edu/abs/2019ApJ...872...24V/abstract
https://doi.org/10.1086/533430
https://ui.adsabs.harvard.edu/abs/2008ApJ...678..187V/abstract
https://doi.org/10.3847/1538-4357/ab089f
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..118W/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..118W/abstract

	1. Introduction
	2. The LG Mass Budget from Kinematics
	3. The Timing Argument Revisited
	3.1. The Data
	3.2. The TA Algorithm with Cosmological Constant
	3.3. The Effect of the Large Magellanic Cloud
	3.4. Cosmic Bias and Scatter

	4. Results and Discussion
	References



