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Abstract. We study the e�ect of the Large Magellanic Cloud (LMC) on the dark matter
(DM) distribution in the Solar neighborhood, utilizing the Auriga magneto-hydrodynamical
simulations of Milky Way (MW) analogues that have an LMC-like system. We extract the
local DM velocity distribution at di�erent times during the orbit of the LMC around the
MW in the simulations. As found in previous idealized simulations of the MW-LMC system,
we find that the DM particles in the Solar neighborhood originating from the LMC analogue
dominate the high speed tail of the local DM speed distribution. Furthermore, the native DM
particles of the MW in the Solar region are boosted to higher speeds as a result of a response
to the LMC’s motion. We simulate the signals expected in near future xenon, germanium,
and silicon direct detection experiments, considering DM interactions with target nuclei or
electrons. We find that the presence of the LMC causes a considerable shift in the expected
direct detection exclusion limits towards smaller cross sections and DM masses, with the
e�ect being more prominent for low mass DM. Hence, our study shows, for the first time,
that the LMC’s influence on the local DM distribution is significant even in fully cosmological
MW analogues.

Keywords: dark matter experiments, dark matter simulations, dark matter theory, hydro-
dynamical simulations
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1 Introduction

Observational evidence points to the existence and abundance of dark matter (DM) in the
Universe [1], and yet the nature of DM remains unknown, with the most popular theories
suggesting that DM consists of one or more fundamental particle species. Direct detection
searches aim to measure the small recoil energy of a target nucleus or electron in an under-
ground detector, after scattering with a massive DM particle. If DM consists of low mass
axions instead, laboratory experiments can directly search for their conversion into photons
in the detector. In order to interpret the results from these searches, knowledge of the phase-
space distribution of DM in our Solar neighborhood is required. The most commonly adopted
model for the DM halo of our galaxy is the Standard Halo Model (SHM) [2]. In the SHM,
the DM particles are assumed to be distributed in an isothermal halo, and have an isotropic
Maxwell-Boltzmann velocity distribution with a peak speed equal to the local circular speed.

Recent high resolution hydrodynamical simulations of galaxy formation find that while a
Maxwellian velocity distribution models well the local DM velocity distribution of simulated
Milky Way (MW) analogues, large halo-to-halo scatter exists in the distributions leading
to large astrophysical uncertainties in the interpretation of direct detection results [3–11].
Hydrodynamical simulations also show that massive satellite mergers can produce accreted
stellar disks in some simulated galaxies, which may cause a degree of anisotropy in the local
DM velocity distribution [12]. The Galactic disk can also lead to the formation of a dark disk
component through accretion, with a surface density that has been constrained using data
from the Gaia satellite [13–15]. Moreover, in light of data from Gaia [16] and the Sloan Digital
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Sky Survey (SDSS) [17] there is significant evidence that the MW contains kinematically
distinct substructures due to its non-quiescent formation and merger history [18–25] (see
also [26–28]). Recent hydrodynamical simulations and idealized models including specific
substructures similar to those observed in Gaia show departures from the SHM that bear
important implications for DM direct detection searches [7, 29].

In recent studies [30–37], special attention has been paid to the e�ect of the Large
Magellanic Cloud (LMC) on the local DM distribution and the DM halo of the MW. Using
idealized N-body simulations to fit the kinematics of the MW-LMC system, ref. [30] found
that the high speed tail of the DM velocity distribution in the Solar neighborhood is impacted
both by DM particles that originated from the LMC and by native DM particles of the
MW whose orbits have been altered considerably due to the gravitational pull of the LMC.
Similarly, ref. [31] used idealized models of the MW-LMC system and showed that close
pericenter passage of the LMC results in boosts in the DM velocity distribution in the Solar
region with the DM particles of the MW also being boosted by the reflex motion caused by
the LMC at infall [38], consistent with the results of ref. [30].

Idealized simulations, such as those studied in refs. [30, 31], can match the exact orbit
and properties of the LMC in the MW halo. However, it remains to be determined that their
findings are valid for fully cosmological halos with multiple accretion events over their forma-
tion history. In particular, an important question is whether a recent (. 100 Myr) and close
(. 100 kpc) pericentric approach of a massive satellite can significantly impact the local DM
distribution, despite the varied assembly history of a MW analogue in a fully cosmological
setup. Another relevant question is whether the boost in the local DM velocity distribution
is a generic feature for any Sun-LMC geometry, or if there are particular geometries that
augment this e�ect. Cosmological simulations that sample potential MW formation histories
are, therefore, necessary to characterize the extent of the signatures of the MW-LMC interac-
tion, and can provide further crucial insight on the LMC’s e�ect, as well as the halo-to-halo
uncertainties in the results [39].

In this paper, we use the Auriga cosmological magneto-hydrodynamical simulations [40]
to study the e�ect of LMC-like systems on the local DM distribution of the host MW-like
galaxies and their implications for DM direct detection. The paper is structured as follows.
In section 2 we discuss the simulations details, our selection criteria for choosing MW-LMC
analogues (section 2.1), and how we specify the Sun’s position in the simulations (section 2.2).
In sections 3.1 and 3.2, we present the local DM density and velocity distributions extracted
from the simulations, respectively. In section 4, we discuss the analysis of the so-called halo
integral, which is an important input in DM direct detection computations, and show how
the LMC impacts it. In section 5, we discuss the implications of the LMC for DM direct
detection signals, considering both DM-nucleus (section 5.1) and DM-electron (section 5.2)
scattering. Finally, we conclude with a brief discussion and conclusion in section 6.

2 Simulations

In this work we use the magneto-hydrodynamical simulations of MW mass halos from the
Auriga project [40]. The original Auriga simulation suite includes 30 cosmological zoom-in
simulations of isolated MW-mass halos, selected from a 1003 Mpc3 periodic cube (L100N1504)
from the EAGLE project [41, 42]. The simulations were performed using the moving-mesh
code Arepo [43] and use a galaxy formation subgrid model which includes metal cooling,
black hole formation, AGN and supernova feedback, star formation, and background UV/X-
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ray photoionisation radiation [40]. Planck-2015 [1] cosmological parameters are used for the
simulations: �m = 0.307, �bar = 0.048, H0 = 67.77 km s≠1 Mpc≠1. We use the standard
resolution level (Level 4) of the simulations with DM particle mass, mDM ≥ 3 ◊ 105 M§,
baryonic mass element, mb = 5◊104 M§, and the Plummer equivalent gravitational softening,
‘ = 370 pc [44, 45]. The Auriga simulations reproduce the observed stellar masses, sizes,
rotation curves, star formation rates and metallicities of present day MW-mass galaxies.

2.1 Selection criteria for MW-LMC analogues

To study the e�ect of the LMC on the local DM distribution, we first need to select simulated
LMC analogues that have properties similar to the observed LMC. The LMC has just passed
its first pericenter approach ≥ 50 Myr ago [46]. We will therefore use the properties of the
LMC, at or close to its first pericenter passage. The present day stellar mass of the LMC from
observations is ≥ 2.7 ◊ 109 M§ [47], the LMC’s first pericenter distance was at ≥ 48 kpc [46],
and its speed at pericenter with respect to the MW was 340 ± 19 km/s [48]. The current
speed of the LMC with respect to the MW’s center is 321 ± 24 km/s [49].

The large phase-space of potential MW-LMC interactions makes it di�cult to find an
exact analogue in cosmological simulations, especially when we are dealing with only 30
MW-mass halos. To improve these chances, we not only consider present day matches, but
follow back in time the history of the simulated MW analogues to find if a MW-LMC like
interaction took place since redshift z = 1 (i.e. within the last 8 Gyrs). From the 30 Auriga
halos, we first identify those that have an LMC analogue using the following criteria: (i)
stellar mass1 of the LMC analogue is > 5 ◊ 108 M§, and (ii) distance of the LMC analogue
from host at first pericenter is in the range of [40, 60] kpc. With these criteria, we identify 15
MW-LMC analogues, which we study at the simulation snapshot (i.e. output in time) closest
to the LMC’s first pericenter approach. We consider this snapshot as a proxy for the present
day MW-LMC system. Notice that the average time between the simulation snapshots is
≥ 150 Myr, so it is di�cult to precisely obtain the present day snapshot for the 15 MW-
LMC analogues. This large snapshot spacing is a limitation of the cosmological simulation
approach, and we discuss below how we address this limitation.

In table 1, we list some of the properties of the 15 MW-LMC analogues. The first two
columns of the table show the halo ID of the MW-LMC analogues and the corresponding
Auriga ID of the MW halos hosting the LMC. The next five columns list the properties of
the analogues at the snapshot closest to LMC’s first pericenter approach. From left to right,
these include the distance of the LMC analogues from host, rLMC, the lookback time, tLB,
the stellar mass of the MW analogues, M

MW
ú , the virial mass2 of the MW analogues, M

MW
200 ,

and the stellar mass of the LMC analogues, M
LMC
ú . The last column lists the virial mass of

the LMC analogues at infall, M
LMC
Infall . The speed of the LMC analogues with respect to the

center of the MW analogues is in the range of [205, 376] km/s at the snapshot closest to first
pericenter approach.

The halo mass of the actual LMC at infall is estimated to be ≥ (1≠3)◊1011 M§ [51–54].
As it can be seen from the last column of table 1, five of our selected LMC analogues have
M

LMC
Infall . 0.4◊1011 M§. A related parameter of interest is the ratio of the halo mass of LMC

at infall to the MW halo mass. For five of the MW-LMC analogues, M
LMC
Infall /M

MW
200 . 0.05,

1The stellar mass of the LMC analogue is the mass of all the stars associated with the LMC-like satellite
as identified by the SUBFIND algorithm [50].

2Virial mass is defined here as the mass enclosed within a spherical radius where the mean enclosed matter
density is 200 times the critical density of the Universe.
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Halo ID Auriga ID rLMC tLB M
MW
ú M

MW
200 M

LMC
ú M

LMC
Infall

[kpc] [Gyr] [109 M§] [1011 M§] [109 M§] [1011 M§]
1 Au-1 53.1 5.1 15 4.0 0.66 0.31
2 Au-7 49.2 4.2 23 9.3 0.56 0.31
3 Au-12 49.4 4.6 33 11 0.79 0.34
4 Au-13 45.8 6.7 26 9.5 2.4 0.82
5 Au-13 56.7 7.4 16 7.2 3.1 1.8
6 Au-14 45.6 6.7 37 13 3.3 1.1
7 Au-14 49.9 2.3 93 16 0.99 0.32
8 Au-17 54.0 7.1 50 8.9 0.85 0.36
9 Au-19 40.9 6.2 18 6.6 1.6 0.73
10 Au-19 50.8 5.4 21 12 9.1 3.3
11 Au-21 55.5 3.3 67 17 4.8 1.5
12 Au-23 41.0 5.9 60 16 2.5 1.4
13 Au-25 43.2 1.0 37 12 15 3.2
14 Au-27 58.9 6.3 56 16 1.0 0.84
15 Au-30 56.0 6.3 73 9.7 2.5 1.2

Table 1. Properties of the 15 MW-LMC analogues. The first two columns list the halo ID and
Auriga ID of the analogues. The 3rd-7th columns list the properties of the analogues at the simulation
snapshot closest to LMC’s first pericenter approach: distance of the LMC analogues from host, rLMC,
lookback time, tLB, stellar mass of the MW analogues, M

MW
ú , virial mass of the MW analogues,

M
MW
200 , and the stellar mass of the LMC analogues, M

LMC
ú . The last column lists the LMC’s virial

mass at infall, M
LMC
Infall .

which is about 3 times smaller than the LMC to MW mass ratio estimate from observations.
These LMC analogues may have a smaller overall impact on their host halos, contribute less
DM particles in the Solar neighborhood, and cause a less significant reflex motion [31, 36, 38]
in the MW analogues. However, we note that it is di�cult to directly compare the halo
masses of the LMC analogues from cosmological simulations with estimates from earlier
studies based on observations, since those typically assume fixed mass in time or even a
point mass. We therefore include the LMC analogues with the smaller halo mass at infall
in our study to increase our sample size. In section 3.1, we discuss the implications of the
smaller LMC to MW mass ratio for the number of DM particles from the LMC in our local
neighborhood.

To study in more detail how the LMC a�ects the local DM distribution at di�erent
times in its orbit, we select one MW-LMC analogue, halo 13 corresponding to the Auriga
25 halo (hereafter Au-25) and its LMC analogue, for further study. This system has the
second largest LMC halo mass at infall, close to the upper limit of the range estimated from
observations. As a consequence, it also has a large M

LMC
Infall /M

MW
200 = 0.27. We rerun the

simulation for halo 13 with finer snapshots close to the LMC’s pericenter approach. The
average time between snapshots near pericenter in this new run is ≥ 10 Myr. We consider
four representative snapshots for halo 13: Iso. is the snapshot which takes place when the
MW and the LMC analogues are maximally separated (i.e. first apocenter before infall)
at ≥ 2.83 Gyr before the present day snapshot, acting as our proxy for an isolated MW;
Peri. is the simulation equivalent of the point of closest approach (pericenter) of the LMC
at ≥ 133 Myr before the present day snapshot; Pres. is the closest snapshot to the present

– 4 –



J
C
A
P
1
0
(
2
0
2
3
)
0
7
0

Snapshot Description t ≠ tPres. [Gyr] rLMC [kpc]
Iso. Isolated MW analogue ≠2.83 384
Peri. LMC’s first pericenter approach ≠0.133 32.9
Pres. Present day MW-LMC analogue 0 50.6
Fut. Future MW-LMC analogue 0.175 80.3

Table 2. Description of the four representative snapshots in halo 13, their times relative to the
present day snapshot, and the distance of the LMC analogue from host at each snapshot.

day separation of the observed MW and LMC system; and Fut. is a proxy for the MW-LMC
system at a future point in time, ≥ 175 Myr after the present day snapshot.

In table 2, we summarize the description of these four snapshots, specify their times
relative to the present day snapshot, and list the distance of the LMC analogue from host at
each snapshot. The distance and speed of the LMC analogue with respect to its host at the
present day snapshot are ≥ 50 kpc and 317 km/s, respectively, which are remarkably close
matches to the observed values.3 Notice that when we refer to the “present day” snapshot
for the re-simulated halo 13 throughout this work, we are referring to the Pres. snapshot.

In the rest of this paper we present some general results for the 15 selected MW-LMC
analogues at the snapshot closest to the LMC’s first pericenter approach, and then focus on
halo 13 to study how the LMC impacts the local DM distribution during its orbit around
the MW.

2.2 Matching the Sun-LMC geometry

The geometry of the observed Sun-LMC system is such that the LMC is predominantly
moving in the opposite direction of the Solar motion. This leads to large relative speeds of
the particles originating from the LMC with respect to the Sun, and results in a boost in
the DM velocity distribution in the Solar region [30]. Ref. [30] showed that matching the
Sun-LMC geometry in their idealized simulations to the observed geometry is crucial for an
accurate understanding of LMC’s impact on the local DM distribution.

In the simulations, the position of the Sun is not specified a priori and the LMC ana-
logues have di�erent phase-space coordinates compared to the real MW-LMC system. There-
fore, we need to choose a position for the Sun in each MW analogue based on a set of criteria
for obtaining a match to the observed Sun-LMC geometry. We would also like to explore
to what extent it is critical to match the exact Sun-LMC geometry in the simulations in
order to have a significant e�ect on the local DM velocity distribution. In this section, we
first discuss our procedure for obtaining all possible positions for the Sun in the simulations
that approximately match the Sun-LMC geometry in observations. We next discuss how we
specify the “best fit” Sun’s position in the simulations that provides the best match to the
observed Sun-LMC geometry.

Figure 1 shows the observed geometry of the Sun-LMC system in the Galactocentric
reference frame defined in the following way. The origin of the reference frame is on the
Galactic center, the xg and yg axes are aligned with the Sun’s orbital plane, the xg-axis
points from the Sun towards the Galactic center, the yg-axis is in the direction of the Galactic
rotation, and the zg-axis is towards the North Galactic Pole. The directions of the Sun’s

3Notice that the distance of the LMC analogue at its pericentre approach is smaller than the value inferred
from observations.

– 5 –



J
C
A
P
1
0
(
2
0
2
3
)
0
7
0

Figure 1. Diagram showing the observed Sun-LMC geometry. The blue and red vectors specify the
directions of the position, rSun, and velocity, vSun, of the Sun, while the light blue and orange vectors
specify the directions of the position, rLMC, and velocity, vLMC, of the LMC. The angle –, between
rLMC and vSun, and the angle —, between vLMC and vSun are specified. The dashed green vector
shows the direction of the orbital angular momentum of the LMC, LLMC. The orbital planes of the
Sun and the LMC, which are nearly perpendicular, are also shown.

position, rSun, Sun’s velocity, vSun, LMC’s position, rLMC, LMC’s velocity, vLMC, and the
orbital angular momentum of the LMC, LLMC, are specified in the diagram.

In the simulations, we define the center of the MW and LMC analogues to be the position
of the particle (star, gas, DM, or black hole) in each halo that has the lowest gravitational
potential energy. The velocity of the MW and LMC analogues in the simulation reference
frame is defined as the centre of mass velocity of all bound particles to each halo, obtained
using the SUBFIND algorithm [50]. The position and velocity of the LMC analogue are then
found with respect to the center of the MW analogue.

To find the possible positions for the Sun in the simulations that match the observed
Sun-LMC geometry, we could impose a set of constraints on the angular coordinates of both
the position and velocity vectors of the LMC analogues as seen from the Solar position in
the simulation. However, the position and velocity vectors of the LMC analogues can change
rapidly when the satellite is close to its pericentric approach. Thus, a better criterion for
finding the Sun’s position and the orientation of its orbital plane in the simulations is to
ensure that the orbital plane of the LMC analogue makes the same angle with the Sun’s
orbital plane as in observations.

We therefore proceed as follows to match the observed Sun-LMC geometry in the sim-
ulations. First, we choose a stellar disk orientation by requiring that the angle between the
angular momentum of the stellar disk and the orbital angular momentum of the LMC ana-
logue, L

sim
LMC, is the same as the observed MW-LMC pair. As seen in figure 1, the LMC’s

orbital angular momentum inferred from observations is nearly perpendicular to the angular
momentum of the stellar disk. Hence, we can vary the latter on nearly a full circle, resulting
in multiple allowed stellar disk orientations for the simulated MW analogue. In particular,
given the direction of L

sim
LMC, we numerically solve for the direction of the disk’s angular mo-
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mentum by varying one of its angular coordinates every 10¶, and finding the other angular
coordinate such that it matches the observed MW-LMC orientation. Due to this sampling,
the number of the allowed disk orientations we find varies from ≥ 20 to over 30, depending
on the MW-LMC analogue. Notice that these disk orientations are not necessarily aligned
with the actual stellar disk of the MW analogue, but we consider them since they match the
observed MW-LMC geometry, which is important for our study.

Previous studies using the EAGLE and APOSTLE simulations show that the stellar
disk does not have a significant e�ect on the local DM velocity distribution [3, 55]. However,
using idealized simulations refs. [31, 56] find that the presence of the stellar disk and its
non-axisymmetric evolution lead to secular processes, which can boost the local DM velocity
distribution. We note that a number of Auriga halos have a small DM component rotating
with the stellar disk due to accretion events [12], but those halos are not part of our MW-LMC
analogue sample.

In the next step, we find the Sun’s position with respect to the center of the MW
analogue for each allowed disk orientation by requiring that the angles between the LMC’s
orbital angular momentum and the Sun’s position and velocity vectors are as close as possible
to the observed values. From these first two steps, we obtain the position and velocity vectors
of the Sun for each allowed disk orientation. Therefore, for each halo we obtain multiple
allowed positions for the Sun, due to the multiple allowed disk orientations. In section 4, we
will study how the MW-LMC interaction signatures vary depending on these Sun’s positions.

We next proceed to find the best fit Sun’s position. As seen in figure 1, the Sun’s
position vector is nearly along the same direction as the angular momentum of the LMC,
and therefore varies only slightly for di�erent disk orientations. On the other hand, the Sun’s
velocity vector varies on nearly a full circle, requiring further matching to observations. We
define the cosine angles,

cos – © v̂
sim
Sun · r̂

sim
LMC ,

cos — © v̂
sim
Sun · v̂

sim
LMC , (2.1)

where v̂
sim
Sun is in the direction of the velocity of the Sun with respect to center of the MW

analogue, while r̂
sim
LMC and v̂

sim
LMC are in the directions of the position and velocity vectors of

the LMC analogue with respect to the center of the MW analogue. In the last step, we select
the orientation that leads to the closest match with the observed values for the cosine angles,

v̂
obs
Sun · r̂

obs
LMC = ≠0.835 ,

v̂
obs
Sun · v̂

obs
LMC = ≠0.709 . (2.2)

The best fit Sun’s velocity vector in the simulations is found by choosing the values of cos –

and cos — that minimize the sum of the squared di�erences with the values obtained from
observations, given in eq. (2.2). This, in turn, determines the best fit Sun’s position.

3 Local dark matter distribution

Computations of DM direct detection event rates strongly depend on the assumptions made
for the DM distribution in the Solar neighborhood. In sections 3.1 and 3.2, we present the
DM density and velocity distribution in the Solar neighborhood extracted from the simulated
MW-LMC analogues, and discuss the e�ect of the LMC on the results.

– 7 –



J
C
A
P
1
0
(
2
0
2
3
)
0
7
0

Figure 2. Diagram of the Solar region (blue) chosen as the overlap of the volume of a cone projected
from the Galactic center with an opening angle of fi/4 radians and its axis fixed on the position of
the Sun, with the volume enclosed between two concentric spheres with radii of 6 and 10 kpc from
the Galactic center. For illustration, the Sun is placed on the cone’s axis at a Galactocentric distance
of 8 kpc.

For each possible Sun’s position (and velocity) which matches the observed Sun-LMC
geometry, we consequently have the orientation of the (xg, yg, zg) axes of the Galactic ref-
erence frame defined in section 2.2. We then transform the positions and velocities of the
simulation particles to this Galactic reference frame.

To define the Solar region, with the Sun at a galactocentric distance of ≥ 8 kpc, we first
consider the region enclosed within a spherical shell between 6 to 10 kpc from the Galactic
center of the MW analogue. We then consider a cone with an opening angle of fi/4 radians,
its vertex at the Galactic center, and its axis aligned with the position of the Sun as obtained
from the procedure discussed in section 2.2. The overlap of the spherical shell and the cone
constitutes the Solar region, shown as the shaded blue region in figure 2. The size of the
Solar region is chosen to be large enough to include several thousand DM particles, and small
enough to retain sensitivity to the best fit Sun’s position. In sections 3.1 and 4.2, we discuss
the impact of changing the size of the Solar region on the local DM density, the percentage
of the DM particles originating from the LMC in the Solar region, and the high speed tails
of the halo integrals.

Since the set of allowed and best fit Sun’s positions we find using the procedure described
in section 2.2 vary for each halo and snapshot, the Solar region is di�erent for each MW
analogue and each snapshot.

The number of the native DM particles of the MW, NMW, and the number of the DM
particles originating from the LMC, NLMC, in the Solar region for the best fit Sun’s position
are listed in table 3 for the 15 MW-LMC analogues at the snapshot closest to LMC’s first
pericenter approach. While there are [7, 760≠20, 001] DM particles from the MW in the Solar
region, the number of DM particles originating from the LMC in the Solar region is in the
range of [1≠361]. Due to this limited number of LMC particles in the Solar region, we are
not sensitive to the variation of the distribution of DM particles from the LMC within our
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Halo ID NMW NLMC fl‰ [GeV/cm3] ŸLMC [%] ŸLMC Range [%] v
det
esc [km/s]

1 7,760 11 0.21 0.14 [0.14≠0.21] 651
2 8,581 55 0.23 0.64 [0.53≠0.65] 720
3 11,621 3 0.35 0.026 [0.025≠0.028] 714
4 12,483 12 0.34 0.096 [0.088≠0.12] 737
5 8,669 136 0.24 1.5 [1.4≠1.6] 707
6 13,290 5 0.38 0.038 [0.029≠0.046] 734
7 18,467 6 0.53 0.032 [0.032≠0.034] 766
8 12,949 1 0.38 0.0077 [0.0077≠0.0082] 712
9 11,892 12 0.36 0.10 [0.069≠0.13] 715
10 12,405 361 0.39 2.8 [2.8≠3.1] 791
11 14,132 4 0.43 0.028 [0.021≠0.039] 758
12 16,427 28 0.53 0.17 [0.17≠0.21] 783
13 10,814 254 0.34 2.3 [2.3≠3.0] 831
14 20,001 52 0.60 0.26 [0.26≠0.31] 776
15 10,641 128 0.32 1.2 [0.81≠1.3] 819

Table 3. Various quantities for the 15 MW-LMC analogues in the Solar region, at the simulation
snapshot closest to the LMC’s pericenter approach: halo ID, the number of native DM particles of
the MW, NMW, the number of DM particles originating from the LMC, NLMC, the local DM density,
fl‰, the percentage of the DM particles originating from the LMC in the Solar region, ŸLMC, for the
best fit Sun’s position, the range that ŸLMC can span across the di�erent allowed Sun’s positions, and
the local escape speed from the MW in the detector rest frame, v

det
esc . All columns, except the 6th,

list the quantities for the best fit Sun’s position.

defined Solar region. The low number of DM particles originating from the LMC is, therefore,
a limitation of the current cosmological simulations as compared to idealized simulations,
which can achieve a better resolution. Nevertheless, due to their high relative velocities with
respect to the Sun, the DM particles from the LMC are more numerous compared to the
high speed DM particles of the MW, and can significantly a�ect the high speed tails of the
local DM velocity distribution (as discussed below in section 3.2). Therefore, the low value
of NLMC is not a major concern for the validity of our results.

3.1 Local dark matter density

We first extract the local DM density, fl‰, in the Solar region for the best fit Sun’s position
for the 15 MW-LMC analogue systems in Auriga at the snapshot closest to LMC’s first
pericenter approach. The results are given in table 3. The local DM density is in the
range of fl‰ = [0.21≠0.60] GeV/cm3. This agrees with the values obtained previously for
the local DM density of MW-like halos in the EAGLE and APOSTLE [3], and Auriga [7]
simulations. It also agrees well with the local [14, 57–63] and global [64–71] estimates from
observations. The large range of local DM densities obtained from simulations is due to halo-
to-halo variations and depends on halo properties such as mass (in our case the simulated
halos have a mass to within less than a factor of 2 of that estimated for the MW halo [72]),
concentration, formation history, and mass of the stellar disk.

Next, we extract the percentage of the DM particles in the Solar region originating from
the LMC analogue, ŸLMC, at the snapshot closest to LMC’s first pericenter approach. We
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Figure 3. The correlation between ŸLMC and M
LMC
Infall/M

MW
200 (left), and NLMC and M

LMC
Infall (right)

for the 15 MW-LMC analogues. ŸLMC and NLMC are given in the Solar region for the best fit Sun’s
position at the simulation snapshot closest to the LMC’s pericenter approach. The sizes of points
increase with the distance of the LMC analogues from host at pericenter.

consider a DM particle to have originated from the LMC analogue if it is bound to the LMC
at infall as identified by the SUBFIND algorithm, and its distance from the center of the
LMC at infall is less than twice the virial radius of the LMC at infall.4 ŸLMC is defined as the
ratio of the number of DM particles originating from the LMC analogue in the Solar region
and the total number of DM particles in the Solar region, multiplied by 100 to obtain the
percentage. For the 15 MW-LMC analogues, ŸLMC in the Solar region for the best fit Sun’s
position is in the range of [0.0077≠2.8]%, as listed in table 3. In the fourth column of the
table, we present the range that ŸLMC varies for each halo due to the di�erent allowed Sun’s
positions.

To investigate the reason for the halo-to-halo variation in ŸLMC and NLMC, in figure 3
we present the variation of these parameters with M

LMC
Infall /M

MW
200 and M

LMC
Infall , respectively.

The point sizes increase with the distance of the LMC analogues from host at pericenter.
The left panel of the figure shows that in general, systems with a larger LMC to MW halo
mass ratio also have a larger percentage of LMC particles in the Solar region in most cases.
However, the two parameters are not tightly correlated. In particular, systems with similar
M

LMC
Infall /M

MW
200 can still show a large variation in ŸLMC. This is mainly due to the variation

in the distance of the LMC analogues from host at pericenter, rLMC, for these systems. A
larger rLMC translates to smaller ŸLMC for systems with similar LMC to MW mass ratio.
Similarly, the right panel of the figure shows a degree of correlation between NLMC and M

LMC
Infall ,

while there exists a degree of inverse correlation between NLMC and rLMC for systems with
similar M

LMC
Infall .

We have also checked how fl‰ and ŸLMC vary if we change the size of our defined Solar
region. In particular, for the re-simulated halo 13 at the present day snapshot, decreasing
the opening angle of the cone from fi/4 to fi/6 while keeping the spherical shell width the
same, cuts NLMC and NMW by half, decreases fl‰ by ≥ 30%, and increases ŸLMC by ≥ 20%,
compared to the original Solar region. Decreasing the shell width from 6 ≠ 10 kpc to 7≠9 kpc
while keeping the opening angle of the cone the same has a similar e�ect on NLMC and NMW,

4The majority of the DM particles from the LMC in the Solar neighbourhood are typically found well
within the virial radius of the LMC at infall and are therefore highly bound to the LMC at infall. Thus, our
results are robust with respect to the way we select the DM particles that have originated from the LMC
analogue.
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but leads to an increase of ≥ 2% in fl‰ and ≥ 10% in ŸLMC. Decreasing both the opening
angle of the cone to fi/6 and the shell width to 7≠9 kpc, reduces NLMC to 1/3 and NMW to
1/4 of their original values, decreases fl‰ by ≥ 25%, and increases ŸLMC by ≥ 35%. These
changes are smaller than the halo-to-halo variation in these parameters, as it can be seen
from table 3.

3.2 Dark matter velocity distributions

Next we extract the DM speed distributions in the Solar region in the Galactic reference
frame. For each halo, the velocity vectors of the DM particles are specified with respect to
the halo center. The normalized DM speed distribution, f(v), is given by

f(v) = v
2

⁄
d�vf̃(v) , (3.1)

where d�v is an infinitesimal solid angle around the direction v, and f̃(v) is the normalized
DM velocity distribution such that

s
dvf(v) =

s
d

3
vf̃(v) = 1.

In the SHM, the local circular speed of the MW is usually set to 220 km/s. To compare
the local DM speed distributions of di�erent halos, we scale the DM speeds in the Solar region
for each halo by (220 km/s)/vc, where vc is the local circular speed computed from the total
mass enclosed within a sphere of radius 8 kpc for each halo. Moreover, we choose an optimal
speed bin size of 25 km/s to compute the DM speed distributions from the simulations. This
bin size ensures that there are enough particles in each speed bin such that the statistical
noise in the data points remains small, without smearing out any possible features in the
DM speed distributions.

In figure 4 we present the DM speed distributions in the Galactic rest frame for four MW-
LMC analogues in the Solar region specified by their best fit Sun’s position, for the snapshot
closest to the LMC’s pericenter approach. The speed distribution of the total DM particles
(native to the MW5 or originating from the LMC) in the Solar region is shown as black
shaded bands (specifying the 1‡ Poisson errors), while the distribution of the DM particles
native to the MW is shown in red. The blue shaded bands show the speed distributions of
the DM particles originating from the LMC in the Solar region, scaled down by a factor of
10 for better visualization. The speed distribution of the total DM particles and those native
to the MW are both normalized to 1. The percentage of the DM particles in the Solar region
originating from the LMC is also specified in the top left corner of each panel. The panels
below the speed distribution plots show the ratio of the speed distribution of the total DM
particles and the MW-only distribution.

Among the 15 MW-LMC analogues, the four halos presented in figure 4 are represen-
tative of the di�erences seen in the local speed distributions of the DM particles originating
from the MW only, the LMC only and the combined MW+LMC. Halo 2 (top left) has
an intermediate percentage of DM particles originating from the LMC in the Solar region
(ŸLMC = 0.64%). It also has a sharply peaked speed distribution, leading to noticeable dif-
ferences between the tails of the MW+LMC and MW-only speed distributions, with their
ratio reaching values greater than 2 in the tail. Halo 6 (top right) is an example of a halo for
which even a small fraction of DM particles in the Solar region originating from the LMC
(ŸLMC = 0.038%) can lead to di�erences in the tail of its DM speed distribution, as seen

5Notice that the DM particles native to the MW in this simulation snapshot are under the influence of the
LMC and are di�erent from the DM particles belonging to an isolated MW.
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Figure 4. DM speed distributions in the Galactic rest frame in the Solar region for the best fit Sun’s
position for four representative MW-LMC analogues: halo 2 (top left), halo 6 (top right), halo 13
(bottom left) and halo 15 (bottom right), for the snapshot closest to the LMC’s pericenter approach.
The distributions of the DM particles originating from the MW+LMC, MW only, and LMC only
are shown as black, red, and blue shaded bands specifying the 1‡ Poisson errors, respectively. The
LMC-only distribution has been scaled down by a factor of 10 for better visualization. The percentage
of the DM particles originating from the LMC in the Solar region, ŸLMC, is also specified on each
panel in the upper left corner. The panels below the speed distribution plots show the ratio between
the MW+LMC and the MW-only distributions.

from the ratio plot. Halo 13 (bottom left) has a high fraction of DM particles originating
from the LMC (ŸLMC = 2.3%) with a broad speed distribution, leading to mild di�erences
between the MW+LMC and MW-only speed distributions across a large range of speeds.
The ratio of the two distributions reaches similar values in halo 6 and halo 13, despite halo
13 having a ŸLMC which is ≥ 60 times larger than halo 6. Finally, halo 15 (bottom right)
with ŸLMC = 1.2%, shows a large variation between the MW+LMC and MW-only speed
distributions in the high speed tail, with their ratio approaching 4.

In general, the speed distribution of DM particles originating from the LMC is found
to peak at the high speed tail (& 500 km/s with respect to the Galactic center) of the speed
distribution of DM particles originating from the MW. This leads to variations in the tail of
the MW+LMC speed distribution as compared to the MW-only distribution, although the
degree to which the distributions vary is subject to large halo-to-halo scatter. The particular
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Figure 5. Local DM speed distribution in the Galactic rest frame for halo 13 for four representative
snapshots: isolated MW (top left), LMC’s pericenter approach (top right), present day MW-LMC
(bottom left), and future MW-LMC (bottom right). The speed distributions of the DM particles
originating from the MW+LMC, MW only, and LMC only are shown in black, red, and blue shaded
bands representing the 1‡ Poisson errors, respectively. The LMC-only distribution has been scaled
down by a factor of 10. The distributions are presented in the Solar region for the best fit Sun’s
position, except for the isolated MW snapshot which is extracted in a spherical shell with radii
between 6 and 10 kpc from the Galactic center. The value of ŸLMC is specified in the top left corner
of each panel. The panels below each speed distribution plot show the ratio of the MW+LMC and
the MW-only distributions, for all snapshots except the isolated MW.

shape and width of the LMC’s speed distribution in the Solar region for each MW analogue
can a�ect the variations in the tail of the MW+LMC distribution. For example, halos with
an even larger ŸLMC (as listed in table 3), do not necessarily show significant di�erences in
their f(v) with and without the LMC particles.

In order to explore further the impact of the LMC on the local DM distribution during
its orbit, we next focus on halo 13, where we rerun the simulations with finer snapshots close
to the LMC’s pericenter approach, as discussed in section 2.1. In figure 5 we present the
local DM speed distributions in the Galactic rest frame for halo 13 for the four snapshots
representing di�erent times in the LMC’s orbit of the MW analogue (given in table 2). The
local speed distributions of the DM particles originating from the MW only (red), the LMC
only (blue), and the MW+LMC (black) are shown. The distributions are presented in the

– 13 –



J
C
A
P
1
0
(
2
0
2
3
)
0
7
0

Solar region for the best fit Sun’s position for all snapshots except for the isolated MW, for
which there is no LMC analogue and the best fit Sun’s position cannot be defined. Hence, for
the isolated MW the DM distribution is extracted in a spherical shell with radii between 6 to
10 kpc from the Galactic center. ŸLMC is also specified in each panel. The panels below the
speed distribution plots show the ratio of the MW+LMC and the MW-only distributions,
for all snapshots other than the isolated MW snapshot.

Figure 5 demonstrates that the LMC impacts the high speed tail of the local DM speed
distribution, not only at its pericenter approach and at the present day, but also ≥ 175 Myr
after the present day. The value of ŸLMC is largest at pericenter and decreases as the LMC
moves further from the host galaxy. Similarly, the ratio of the MW+LMC and the MW-only
speed distributions in the high speed tail is largest at pericenter and decreases for the present
day and future snapshots. For all snapshots other than the isolated MW (where ŸLMC = 0),
the DM originating from the LMC has a speed distribution that peaks at the high speed
tail of the native DM distribution of the MW, having a modest yet important impact on the
total DM speed distribution. This is similar to what we find in general for the 15 MW-LMC
analogues at pericenter, as shown in figure 4.

Notice that when halo 13 is re-simulated with finer snapshots, the phase-space distribu-
tion of the DM particles is not the same as in the original halo 13, as we are not comparing
the two simulations at exactly the same time. As mentioned in section 2.1, the average
time between snapshots is ≥ 150 Myr in the original simulation, and it is di�cult to precisely
obtain the snapshot for the present day or LMC’s pericenter approach. Furthermore, the
Solar region for the best fit Sun’s position is di�erent in the original and the re-simulated
halo 13, and this has a significant impact on the local DM velocity distribution. In partic-
ular, for the original halo 13, the cosine angles (eq. (2.1)) for the best fit Sun’s position are
cos – = ≠0.796 and cos — = ≠0.090. Although these particular angles minimize the sum of
the squared di�erences with their observed values, the value of cos — is very di�erent than its
observed value (as given in eq. (2.2)), and it is therefore di�cult to obtain a precise match
to the observed Sun’s position in the original halo 13. However, for the re-simulated halo
13, we obtain a much better match to the observed Sun’s position (e.g. cos – = ≠0.995 and
cos — = ≠0.656 for the best fit Sun’s position at the present day snapshot). As a result, the
speed distribution of DM particles from the LMC in the Solar region peaks at a noticeably
higher speed in the re-simulated halo 13 compared to the original halo 13. Finally, there may
also be a small variation in the phase-space distribution induced by the stochasticity of the
baryonic physics model, which could lead to a slightly di�erent evolution of the gravitational
potential in the re-simulated halo. Hence, the local DM speed distributions and the values
of ŸLMC are also di�erent between figures 4 and 5 for halo 13.

Our results in general confirm those presented in refs. [31] and [30], which found that
the small fraction of DM particles originating from the LMC in the Solar neighborhood
(e.g. ≥ 0.2% in ref. [30]) dominates the high speed tail of the local DM speed distribution,
in a suite of idealized simulations. Nevertheless, we note that the important e�ect of halo-
to-halo variation in the results of our cosmological simulations cannot be overlooked.

4 Halo integrals

The astrophysical dependence of the event rate in direct detection experiments (see section 5)
comes from the DM velocity distribution and density in the Solar neighbourhood. For the
case of standard interactions, the halo integral encodes the local DM velocity distribution
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dependence of the event rate and is defined as

÷(vmin, t) ©

⁄

v>vmin

d
3
v

f̃det(v, t)
v

, (4.1)

where v is the relative velocity between the DM and the target nucleus or electron in the
detector, with v = |v|, f̃det(v, t) is the local DM velocity distribution in the detector reference
frame, and vmin is the minimum speed required for the DM particle to impart a recoil energy
and momentum in the detector (given in eqs. (5.2) and (5.6) for nuclear and electron recoils,
respectively). Determining the influence of the LMC on the halo integrals in the Solar region
directly reflects the expected change in direct detection event rates.

We extract the halo integrals of the MW-LMC analogues by boosting the local DM
velocity distribution of each halo from the Galactic reference frame to the detector frame,

f̃det(v, t) = f̃gal(v + vs + ve(t)) , (4.2)

where ve(t) is the Earth’s velocity with respect to the Sun, vs = vc + vpec is the Sun’s
velocity in the Galactic rest frame, vc is the Sun’s circular velocity, and vpec = (11.10, 12.24,

7.25) km/s [73] is the peculiar velocity of the Sun in Galactic coordinates with respect to the
Local Standard of Rest. To boost the DM velocity distribution to the detector rest frame,
we take |vc| = vc = 220 km/s. For simplicity, we neglect the small eccentricity of the Earth’s
orbit. In the following, we present the time-averaged halo integrals, which are averaged over
one year.

In figure 6 we present the time-averaged halo integrals as a function of vmin in the
Solar region for the best fit Sun’s position for the same four halos whose local DM speed
distributions are shown in figure 4: halos 2 (top left), 6 (top right), 13 (bottom left) and 15
(bottom right), for the snapshot closest to the LMC’s pericenter approach. The black and red
solid lines are the halo integrals computed from the mean value of the velocity distributions
of the DM particles originating from the MW+LMC and the MW only, respectively. The
shaded bands correspond to the 1‡ uncertainties in the halo integrals and are obtained from
the DM velocity distribution at one standard deviation from the mean. The panels below
the halo integral plots show the relative di�erence between the MW+LMC and the MW-only
halo integrals, defined as (÷MW+LMC ≠ ÷MW)/÷MW.

As seen in figure 6, halos 6 and 15 show some di�erences in the tails of the halo integrals
of the MW+LMC and the MW-only, with their relative di�erence reaching ≥ 6 for halo 6
and ≥ 0.5 for halo 15. The halo integrals of halos 2 and 13 do not show any visible deviations
between the MW+LMC and the MW-only, and their relative di�erences are smaller than 0.1
for halo 2 and 0.01 for halo 13. This is despite the fact that halo 13 has a higher ŸLMC in
the Solar region compared to the other three halos. This highlights the importance of the
particular shape and peak speed of the LMC’s speed distribution in the detector reference
frame, in the Solar region of each MW analogue.

To quantify the changes in the tails of the halo integrals of the native DM particles of
the MW and the total DM particles originating from MW+LMC, we define a dimensionless
metric,

�÷ =
ÿ

vi
min

Ø0.7vdet
esc

Ë
÷MW+LMC(vi

min) ≠ ÷MW(vi
min)

È
�vmin , (4.3)

where �vmin is the bin size in vmin, and v
i
min denotes the midpoint of the bins in vmin at

which the halo integrals of the MW+LMC, ÷MW+LMC, and MW only, ÷MW, are evaluated.
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Figure 6. Time-averaged halo integrals for halos 2 (top left), 6 (top right), 13 (bottom left) and
15 (bottom right) in the Solar region for the best fit Sun’s position, for the snapshot closest to the
LMC’s pericenter approach. The black and red curves show the halo integrals for the DM particles
originating from the MW+LMC and MW only, respectively. In each case, the solid lines and the
shaded bands correspond to the halo integrals obtained from the mean DM velocity distribution and
the DM velocity distribution at 1‡ from the mean, respectively. The value of ŸLMC is also specified
on each panel. The panels below the halo integral plots show the relative di�erence between the
MW+LMC and the MW-only halo integrals, (÷MW+LMC ≠ ÷MW)/÷MW.

The sum runs over all bins with v
i
min larger than 70% of the local escape speed from the

MW in the detector rest frame, v
det
esc , which is estimated from the largest vmin where ÷MW

is nonzero. The values of v
det
esc in the Solar region for the best fit Sun’s position for the 15

MW-LMC analogues are given in table 3, for the simulation snapshot closest to the LMC’s
pericenter approach.

The metric in eq. (4.3) reflects the changes in the exclusion limits set by direct detection
experiments for the MW+LMC and MW-only distributions at low DM masses. Since the
integral in eq. (4.1) is computed for speeds greater than vmin, and vmin depends inversely
on the DM mass (eqs. (5.2) and (5.6)), the exclusion limits in direct detection experiments
become sensitive to small changes in the high speed tail of the halo integrals for low DM
masses. Consequently, �÷ was defined to include only the di�erences in the halo integrals
for vmin larger than 70% of v

det
esc to numerically reflect the variations in the tail of the halo

integral and direct detection exclusion limits at low DM masses. We have checked various
other metrics for �÷, including the relative di�erence, the di�erence in the area under the
curves, and considering di�erent fractions of v

det
esc in the above metric, with all showing similar
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Figure 7. The correlation between the change in the tail of the halo integrals due to the LMC
particles, �÷, and ŸLMC for three Solar regions: the Solar region for the best fit Sun’s position (black
squares), the Solar region that maximizes �÷ (yellow dots), and the Solar region that minimizes
the �÷ (blue dots). Left panel: all 15 MW-LMC analogues at the snapshot closest to the LMC’s
pericenter approach. Right panel: di�erent snapshots of halo 13, ranging from ≥ 314 Myr before the
present day to ≥ 175 Myr after.

general trends. The current definition preserves the global trends while providing the most
intuitive connection between the halo integral plots and the direct detection exclusion limits
(presented in section 5) calculated therefrom.

In our analysis we find three key factors that contribute to changes in the tail of the
halo integrals: 1) the percentage of DM particles originating from the LMC in the Solar
region, 2) the Sun’s position (and hence the Solar region) in the simulations, and 3) the
MW response due to the motion of the LMC as it traverses its orbit near pericenter. In the
following sections we discuss how the results depend on each of these phenomena in detail.

4.1 Impact of the DM particles originating from the LMC

The DM particles originating from the LMC with high enough speeds become unbound to
the LMC at infall, with some number at any given time ending up in the Solar region of the
MW. Since these particles have on average higher speeds than the native DM particles of
the MW, it is expected that they will a�ect the high speed tail of the halo integrals, with a
higher value of ŸLMC contributing to a more pronounced e�ect.

Figure 7 shows the correlation between the percentage of DM particles originating from
the LMC in the Solar region, ŸLMC, and the change in the tail of the halo integral due to
the LMC particles, �÷ (eq. (4.3)), for the best fit Sun’s position (black squares), the Solar
region that maximizes �÷ (yellow dots), and the Solar region that minimizes �÷ (blue dots).
The left panel shows the results for the 15 MW-LMC analogues at the snapshot closest to
the pericenter approach of the LMC, while the right panel is for di�erent snapshots of halo
13, ranging from ≥ 314 Myr before the present day to ≥ 175 Myr after. In both panels, the
�÷ for the best fit Sun’s position is in general close to the maximum �÷, both showing an
increase with ŸLMC in the Solar region. The minimum �÷ is zero or close to zero for a number
of MW-LMC analogues and for some snapshots of halo 13, but still shows an increase with
ŸLMC for halo 13. As discussed in section 3.1, ŸLMC generally increases with M

LMC
Infall /M

MW
200 .

Therefore, a higher LMC to MW mass ratio would in general result in a larger �÷, depending
on the particular Sun’s position considered.
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Figure 8. �÷ in the Solar region for the best fit Sun’s positions for di�erent snapshots in halo 13,
plotted against the snapshot time relative to the present day snapshot, t ≠ tpres. The snapshot times
range from ≥ 314 Myr before the present day to ≥ 175 Myr after. The colour bar shows the range of
ŸLMC. The snapshots for the LMC’s pericenter approach (Peri.), present day (Pres.) and ≥ 175 Myr
after the present day (Fut.) are specified with vertical dashed black lines.

To better visualize the variation of �÷ in halo 13, in figure 8 we present �÷ in the Solar
region for the best fit Sun’s positions for di�erent snapshots as a function of the snapshot time
relative to the present day snapshot, t ≠ tPres.. The colour bar specifies the range of ŸLMC.
As expected, snapshots with the highest value of ŸLMC near LMC’s pericenter approach6 also
have the highest �÷, with snapshots far from pericenter dropping o� in both ŸLMC and �÷.

Notwithstanding the relationship between �÷ and ŸLMC, there remains a scatter in the
values of �÷ for systems with equal or similar values of ŸLMC, due to the particular choice
of Sun’s position for specifying the Solar region. This can be seen in both panels of figure 7,
where there are large di�erences between the minimum and maximum �÷ for the same or
similar values of ŸLMC. This leads us to consider not just the impact of ŸLMC on �÷, but
also the e�ect of the exact Sun-LMC geometry, and whether the best fit Sun’s position is a
privileged position with respect to maximizing �÷. We explore this in the next section.

4.2 Variation due to the Sun-LMC geometry

For the 15 MW-LMC analogues we find a degree of variation in the values of ŸLMC due to the
choice of the Solar region. In particular, ŸLMC can vary at most by a factor of ≥ 2 depending
on the MW-LMC analogue (see e.g. the last column of table 3). However, as discussed in
section 4.1, for Solar regions with similar values of ŸLMC there is a large scatter in how much
the tails of the MW+LMC halo integrals can deviate from their MW only counterparts. This
can also be seen in figure 6, where the largest deviation in the tail of the halo integral is seen
for halo 6 with ŸLMC = 0.038%, while halo 13, with the highest ŸLMC of 2.3%, shows a very
small variation. This implies that the value of ŸLMC is not the only important factor in
specifying �÷, but the particular Sun-LMC geometry of the chosen Solar region is similarly
important.

6The two snapshots occurring at ≥ 174 and ≥ 191 Myr before the present day snapshot are tied for the
highest value of ŸLMC with 1.0% each. From those, the one closest to the pericenter snapshot (≥ 41 Myr
before LMC’s pericenter approach) has the highest �÷.
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Figure 9. Time-averaged halo integrals for halo 13 at the present day snapshot for the MW+LMC
(black) and the MW only (red) DM populations for the best fit Sun’s position (left panel) and the Solar
region that has the minimum �÷ (right panel). The solid lines and the shaded bands correspond to
the halo integrals obtained from the mean DM velocity distribution and the DM velocity distribution
at 1‡ from the mean, respectively. The value of ŸLMC and the cosine angles (eq. (2.1)) are also
specified on each panel. The panels below the halo integral plots show the relative di�erence between
the MW+LMC and the MW-only halo integrals.

Figure 9 shows the time-averaged halo integrals for the MW+LMC (black) and the
MW only (red) DM populations for the present day snapshot of halo 13 for two di�erent
Solar regions: the best fit Sun’s position (left panel) and the Solar region that minimizes �÷

(right panel). The value of ŸLMC and the cosine angles corresponding to the particular Sun’s
position (eq. (2.1)) are also specified in each panel. The panels below the halo integral plots
show the relative di�erence between the MW+LMC and the MW-only halo integrals. Clear
di�erences between the tails of the MW+LMC and the MW halo integrals are visible in the
case of the best fit Sun’s position, while the variations in the halo integral tails are small for
the Solar region that minimizes �÷. This figure highlights the importance of the Sun-LMC
geometry, and that the same snapshot with similar values of ŸLMC can di�er greatly in the
tails of the halo integrals due to the choice of the Solar region.

To di�erentiate the e�ects on �÷ due to the choice of the Sun-LMC geometry from
the e�ect of ŸLMC, we study the cosine angles that parameterize the Sun-LMC geometry, as
given in eq. (2.1). Figure 10 shows the allowed Sun’s positions in the parameter space of the
two cosine angles for halo 13 at the present day snapshot. The colour bars show the range of
ŸLMC and �÷ in the left and right panels, respectively. The black square in each panel shows
the observed values of the cosine angles from eq. (2.2). Comparing the two panels of the
figure shows that �÷ maximizes in the quadrant where cos – and cos — are negative, despite
ŸLMC reaching its maximum in the positive cos – and cos — quadrant.

The value of ŸLMC varies on average by 0.15% between di�erent allowed Sun’s positions
of a given snapshot, while it can vary by up to a percent between di�erent snapshots. Hence,
within a snapshot the dominant factor that impacts �÷ is the particular Sun-LMC geometry.
Furthermore, we find that across snapshots �÷ tends to have its maximum values in the
quadrants where cos — is negative. A negative cos — indicates that the velocity vector of
the LMC analogue is in the opposite direction of the Sun’s velocity vector, leading to larger
relative speeds of the particles originating from the LMC with respect to the Sun, and thus
resulting in a larger �÷. Since the observed cosine angles are also negative, this implies that
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Figure 10. Cosine angles that parameterize the Sun-LMC geometry (eq. (2.1)) for halo 13 at the
present day snapshot for all allowed Sun’s positions coloured by the value of ŸLMC (left panel) and
�÷ (right panel). The observed values of the cosine angles (eq. (2.2)) is specified with a black square
on each panel.

variations in the tail of the halo integral for the best fit Sun’s position should be close to the
maximum possible variation from other allowed Sun’s positions. This can also be seen from
figure 7, where the values of �÷ for the best fit Sun’s positions (black squares) are close to
the maximum �÷ (yellow dots). We can therefore conclude that the best fit Sun’s position
is indeed in a privileged position with respect to maximizing �÷, by virtue of the observed
cos — being negative, i.e. the Sun’s velocity and the LMC’s velocity being predominantly in
opposite directions. As a consequence, for the actual MW we expect the LMC to maximally
a�ect the tail of the halo integral.

We have also checked the dependence of �÷ on the size of our defined Solar region for
the present day snapshot of halo 13. We find that decreasing the size of the Solar region
leads to a significant increase in �÷, due to better sensitivity to the best fit Sun’s position.
In particular, decreasing the opening angle of the cone from fi/4 to fi/6 while keeping the
spherical shell width the same, increases �÷ by 18%. Decreasing the shell width to 7≠9 kpc
while keeping the opening angle of the cone the same has a less significant e�ect and increases
�÷ by 7%. Decreasing both the opening angle of the cone to fi/6 and the shell width to
7≠9 kpc, increases �÷ by 78%. This comes at the cost of significantly reducing the number
of DM particles from the MW and LMC in the Solar region (as discussed in section 3.1),
and leading to very large Poisson uncertainties. Our results are therefore conservative with
respect to the choice of the Solar region. Increasing the size of the Solar region, on the other
hand, results in only a slight decrease in �÷, due to losing sensitivity to the best fit Sun’s
position. In particular, increasing the opening angle of the cone from fi/4 to fi/2, while
keeping the spherical shell width the same, decreases �÷ by only 2%.

4.3 MW response to the LMC

In addition to the particles originating from the LMC in the Solar region, the response of
the local DM halo of the MW to the LMC’s orbit can cause variations in the high speed
tail of the local DM velocity distribution. The MW response to the LMC has been observed
and studied before in idealized simulations [30, 31], but it is important to test it in a fully
cosmological setting where halos have multiple accretion events over their formation history.
In this section, we explore the e�ect of this response on the tail of the halo integral in our
cosmological simulations, and distinguish it from the e�ect of the high speed DM particles
in the Solar region that originate from the LMC.
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Figure 11. Time-averaged halo integrals for four snapshots in halo 13: the isolated MW analogue
(Iso.), the LMC’s pericenter approach (Peri.), the present day MW-LMC analogue (Pres.), and the
future MW-LMC analogue (Fut.). For each snapshot, the solid/dashed lines and the shaded bands
correspond to the halo integrals obtained from the mean DM velocity distribution and the DM velocity
distribution at 1‡ from the mean, respectively. For the present day, pericenter, and future snapshots
the halo integrals are presented in the best fit Solar region for the MW+LMC (solid coloured curves)
and MW-only (dashed coloured curves) DM populations. The isolated MW snapshot has no LMC
analogue, so its MW halo integral (solid black curve) is shown for a Solar region defined as a spherical
shell with radii between 6 and 10 kpc from the Galactic center. The solid blue curve shows the SHM
halo integral obtained from a Maxwellian velocity distribution with a peak speed of 220 km/s and
truncated at the escape speed of 544 km/s from the Galaxy.

Figure 11 shows the time-averaged halo integrals for the four representative snapshots
in halo 13: the isolated MW analogue (Iso.), the LMC’s pericenter approach (Peri.), the
present day MW-LMC analogue (Pres.), and the future MW-LMC analogue (Fut.). The halo
integrals of the three latter snapshots are shown for the MW+LMC (solid coloured curves)
and the MW only (dashed coloured curves) for the best fit Sun’s position. The isolated MW
snapshot has no LMC-like satellite and hence its halo integral (solid black curve) is extracted
from the DM particles of the MW in a spherical shell with radii between 6 and 10 kpc from
the Galactic center. For comparison, the blue curve shows the halo integral obtained from a
Maxwellian velocity distribution with a peak speed of 220 km/s and truncated at the escape
speed of 544 km/s from the Galaxy, as is commonly assumed in the SHM.

A comparison of the halo integral of the isolated MW with the MW-only halo integrals
at the three other snapshots shows how the native DM particles of the MW in the Solar
region are boosted in response to the passage of the LMC. The isolated MW snapshot occurs
≥ 2.8 Gyr before the present day snapshot and is a proxy for the MW in the absence of the
LMC’s influence. The halo integral for this snapshot (solid black curve) is closest to the
SHM halo integral, although its tail is slightly more extended, reaching vmin ≥ 800 km/s.
As the LMC reaches its first pericenter approach, the tail of the halo integral for the native
DM population of the MW (dashed green curve) is boosted to vmin ≥ 900 km/s. Since the
present day LMC is not too far from its pericenter approach, the tail of the halo integral at
the present day snapshot (dashed orange curve) shows a comparable boost to the pericenter
snapshot. Finally, the tail of the halo integral for the local DM population of the MW returns
to vmin ≥ 800 km/s at the future MW-LMC snapshot (dashed magenta curve), which occurs
≥ 175 Myr after the present day snapshot.7

7This period of time is comparable to the overdensity wake induced by the passage of a satellite galaxy in
a host DM halo in the Auriga simulations [74].
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The addition of DM particles originating from the LMC in the Solar region further shifts
the tails of the halo integrals to higher speeds. In particular, the pericenter snapshot has the
highest ŸLMC of 0.85% and also shows the highest boost in the tail of its MW+LMC halo
integral (solid green curve), reaching vmin ≥ 1000 km/s, which is ≥ 100 km/s higher than the
reach of its MW-only counterpart. Similarly, with ŸLMC = 0.26%, the present day snapshot
has a MW+LMC halo integral which exhibits a large di�erence compared its MW-only coun-
terpart in the high speed tail. The future MW-LMC snapshot has ŸLMC = 0.22%, and the tail
of its MW+LMC halo integral is boosted by ≥ 50 km/s compared to its MW-only counterpart.

Comparing the boost of the native DM population of the MW in the pericenter and
present day snapshots to the boost due to the presence of DM particles originating from the
LMC reveals that the impact on the tail of the halo integral is of the same order of magnitude.
Figure 11 demonstrates that the DM particles in the Solar neighborhood can be boosted from
vmin ≥ 800 km/s in the absence of the LMC (solid black curve) to more than vmin ≥ 950 km/s
at the present day (solid orange curve), a combined increase of greater than ≥ 150 km/s due
to the MW response and the presence of high speed LMC particles in the Solar region.

5 Implications for dark matter direct detection

In this section we discuss the impact of the LMC on the interpretation of the results of
DM direct detection experiments. In particular, in sections 5.1 and 5.2 we consider the DM
interaction with a target nucleus or electron, respectively, and study how the exclusion limits
set by di�erent direct detection experiments in the plane of the DM mass and scattering
cross section change due to the presence of the LMC for a given experimental setup.

We simulate the signals in three di�erent idealized direct detection experiments, which
are inspired by near future detectors that would search for nuclear or electron recoils due
to the scattering with a DM particle. In order to find the constraints in the DM scattering
cross section and mass plane, we employ the Poisson likelihood method implemented in
the DDCalc [75] and QEDark [76, 77] software packages for nuclear and electron recoils,
respectively. Taking the properties of the experiments and the local DM distribution as
inputs, these packages provide the exclusion limits at a desired confidence level. To perform
the direct detection analysis, we directly use the local DM velocity distributions extracted
from the simulations.

5.1 Dark matter - nucleus scattering

In the case of DM-nucleus scattering, we consider a DM particle of mass m‰ scattering with
a target nucleus of mass mT in an underground detector, and depositing the nuclear recoil
energy, ER. The di�erential events rate is given by

dR

dER
= fl‰

m‰

1
mT

⁄

v>vmin

d
3
v

d‡T

dER
v f̃det(v, t) , (5.1)

where ‡T is the DM-nucleus scattering cross section. Assuming elastic scattering, the min-
imum speed required for a DM particle to deposit a recoil energy ER to the detector is
given by

vmin(ER) =
Û

mT ER

2µ
2
‰T

, (5.2)

where µ‰T is the reduced mass of the DM and nucleus.
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For spin-independent interactions, the di�erential cross section is given by

d‡T

dER
=

mT A
2
‡

SI
‰N

2µ
2
‰N v2 F

2(ER) , (5.3)

where A is the atomic mass number of the target nucleus, ‡
SI
‰N is the spin-independent DM-

nucleon scattering cross section at zero momentum transfer, µ‰N is the reduced mass of the
DM and nucleon, and F (ER) is the spin-independent nuclear form factor for which we use
the Helm form factor [78].

Hence, the di�erential event rate can be written in terms of the halo integral (eq. (4.1)) as

dR

dER
=

fl‰A
2
‡

SI
‰N

2m‰µ
2
‰N

F
2(ER) ÷(vmin, t) . (5.4)

We consider two idealized direct detection experiments, one with a xenon target nucleus
and the other with germanium. These detectors are based on the sensitivity of the LZ [79, 80]
and SuperCDMS [81] direct detection experiments in the near future. Noble liquid detectors,
such as LZ which has recently published its first results [79], can reach large exposures and
are sensitive to large DM masses and lower cross sections. On the other hand, cryogenic
solid state detectors such as SuperCDMS are sensitive sub-GeV DM masses. Considered
together, these two types of experiments probe a large range of DM masses and scattering
cross sections.

For the xenon based experiment, we consider an energy range of [2≠50] keV, an energy
resolution of ‡E = 0.065ER + 0.24 keV


ER/keV [82], and an exposure of 5.6 ◊ 106 kg days

with a maximum e�ciency of 50% as given in ref. [80]. The exposure we consider for this
experiment is expected to be achieved by LZ after five years of operation [80].

For the germanium based experiment, we consider two crystal target designs with dif-
ferent energy thresholds. The low energy threshold design is based on the projected high-
voltage (HV) detector of the SuperCDMS SNOLAB experiment [81]. We implement an
energy range of [40≠300] eV, with a constant signal e�ciency of 85%, a flat background level
of 10 keV≠1 kg≠1 days≠1, and an exposure of 1.6 ◊ 104 kg days [81, 83]. The high energy
threshold design has similar features as the iZIP detector of the same experiment with a
total exposure of 2.04 ◊ 104 kg days, an energy range of [3≠30] keV, 1 expected background
event, and a flat e�ciency of 75%. The exposures considered are expected to be achieved by
SuperCDMS after five years of operation [81].

The top panels of figures 12 and 13 show the exclusion limits at the 90% CL in the plane
of DM mass and spin-independent cross section set by the future xenon and germanium
experiments using the local DM velocity distribution at the four representative snapshots
in halo 13, respectively. These snapshots are: the isolated MW analogue (Iso.), the LMC’s
pericenter approach (Peri.), the present day MW-LMC analogue (Pres.), and the future MW-
LMC analogue (Fut.). The mean and the shaded band in the exclusion limits are obtained
from the mean and 1‡ uncertainty band of the halo integrals shown in figure 11, respectively.
The exclusion limit for the isolated MW analogue is shown as the solid black curve, while
the exclusion limits for the three other snapshots are shown as solid coloured curves for
the MW+LMC distribution and dashed coloured curves for the MW-only distribution. For
comparison, the exclusion limit assuming the SHM Maxwellian velocity distribution with
peak speed of 220 km/s and truncated at the escape speed of 544 km/s from the Galaxy is
shown as the solid blue curve. To distinguish the e�ect of the local DM velocity distribution,
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Figure 12. Top panels: exclusion limits at 90% CL for a future xenon based experiment in the spin-
independent DM-nucleon cross section and DM mass plane for four snapshots in halo 13: the isolated
MW analogue (Iso.), the LMC’s pericenter approach (Peri.), the present day MW-LMC analogue
(Pres.), and the future MW-LMC analogue (Fut.). For each snapshot, the solid/dashed lines and
the shaded bands correspond to the exclusion limits obtained from the mean and the 1‡ uncertainty
band of the halo integrals, respectively. For the pericenter, present day, and future snapshots, the
exclusion limits are presented in the Solar region for the best fit Sun’s position for MW+LMC (solid
coloured curves) and MW-only (dashed coloured curves) DM populations. For the isolated MW
snapshot, the exclusion limit is shown for the DM population of the MW (solid black curve) for a
Solar region defined as a spherical shell with radii between 6 and 10 kpc from the Galactic center.
The blue curve correspond to the exclusion limit for the SHM Maxwellian. The local DM density is
set to fl‰ = 0.3 GeV/cm3. Bottom panels: the ratios of the exclusion limits for the MW-only and the
MW+LMC DM populations for the pericenter, present day, and future snapshots. The left panels
show the limits and ratios for a large range of DM masses, while the right panels zoom onto the low
DM mass region.

the local DM density is set to fl‰ = 0.3 GeV/cm3 in all cases,8 as is commonly adopted in the
SHM. The bottom panels of the figures show the ratios of the exclusion limits of the MW-only
to the MW+LMC distribution for the pericenter, present day, and future snapshots. The
left panels show the limits and ratios for a large range of DM masses, while the right panels
zoom onto the low DM mass region to better visualize the di�erences at low masses.

The trends in figures 12 and 13 are similar to those seen in figure 11 for the halo
integrals of the di�erent snapshots. In particular, the di�erences in the high speed tail of
the halo integrals lead to variations in the exclusion limits at low DM masses, where the
experiments are most sensitive to high values of vmin. The isolated MW snapshot has the
weakest exclusion limit at low DM masses and follows closely the SHM exclusion limit,
while the DM distribution of the MW+LMC at the LMC’s pericenter approach leads to the
strongest exclusion limit. As it can be seen from figure 12, for the xenon based experiment
the exclusion limit for the MW+LMC distribution at the present day snapshot is lower than

8Since fl‰ is a normalization in the event rate, changing its value results in the same upward or downward
shift in all the exclusion limits.
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Figure 13. Same as figure 12, but for a future germanium based experiment.

the isolated MW exclusion limit by an order of magnitude at m‰ ≥ 8 GeV, by more than three
orders of magnitude at m‰ ≥ 6 GeV, and by more than five orders of magnitude at m‰ ≥

5 GeV. Moreover at fixed cross sections, the exclusion limit for the MW+LMC distribution
at the present day snapshot shows a shift of a few GeV towards smaller DM masses compared
to the isolated MW for masses below O(10 GeV). Figure 13 shows that for the germanium
based experiment an order of magnitude of vertical shift occurs at m‰ ≥ 0.5 GeV between the
exclusion limits of the MW+LMC distribution at the present day snapshot and the isolated
MW, while the vertical shift is more than three orders of magnitude at m‰ ≥ 0.4 GeV.
Furthermore, at fixed cross sections and for DM masses below O(1 GeV), a horizontal shift
of a few hundreds of MeV happens towards smaller DM masses. Hence, we can see from
figures 12 and 13 that the LMC extends the parameter space probed by direct detection
experiments towards smaller DM masses.

Our results agree with those of ref. [30], which also found that the presence of the LMC
causes direct detection limits to shift to lower cross sections and lower DM masses, extending
the sensitivity of those experiments. Hence, our results confirm that the findings of ref. [30]
hold even in a fully cosmological setting.

5.2 Dark matter - electron scattering

In the case of DM-electron scattering, the di�erential event rate in a crystal target is given
by [84]

dR

d ln Ee
= Ncell

fl‰

m‰

‡e–m
2
e

µ2
‰e

⁄
d ln q

Ee

q

Ë
|FDM(q)|2 |f

crystal(Ee, q)|2 ÷(vmin(q, Ee))
È

, (5.5)

where Ee is the energy deposited to the electron, q is the momentum transfer between the
DM and the electron, Ncell is the number of unit cells per mass in the crystal target, ‡e is
the DM-electron reference scattering cross section which parameterizes the strength of the
interaction, – ƒ 1/137 is the fine structure constant, me is the mass of the electron, and µ‰e
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Figure 14. Top panels: exclusion limits at 95% CL for a future silicon based experiment in the DM-
electron cross section and DM mass plane for four snapshots in halo 13: the isolated MW analogue
(Iso.), the LMC’s pericenter approach (Peri.), the present day MW-LMC analogue (Pres.), and the
future MW-LMC (Fut.). The DM form factor is assumed to be FDM = 1 (left panel), FDM Ã q

≠1

(middle panel), and FDM Ã q
≠2 (right panel). The blue curve corresponds to the SHM exclusion limit.

The local DM density is set to fl‰ = 0.3 GeV/cm3. Bottom panels: the ratios of the exclusion limits
for the MW-only and the MW+LMC DM populations for the pericenter, present day, and future
snapshots. The description of the di�erent coloured curves are the same as in figure 12.

is the reduced DM-electron mass. The dimensionless crystal form factor, f
crystal, encodes the

dependence of the rate on the electronic structure of the target material.
The DM form factor, FDM, gives the momentum dependence of the interaction. It can

be shown that FDM(q) = 1 for a contact interaction via a heavy mediator, FDM(q) = (–me/q)
for an electron dipole moment coupling, and FDM = (–me/q)2 for a long-range interaction
induced by the exchange of an ultralight or massless mediator [84].

Lastly, the minimum speed required for the DM particle in order for the electron to
gain an energy Ee with momentum transfer q is given by

vmin(Ee, q) = Ee

q
+ q

2m‰
. (5.6)

We consider a future silicon CCD experiment, based on the sensitivity of the next
generation kg-sized DAMIC-M [85–87] experiment. Direct detection experiments searching
for DM-electron interactions provide a new avenue to probe MeV DM masses, due to the small
mass of the electron. Semiconductors, in particular, have a very low ionization threshold of
≥ 1 eV, and can be sensitive to single electron-hole pairs. We consider a silicon based detector
with an exposure of 1 kg year and assuming zero background events, with an ionization
threshold of 1 electron-hole pair.

The top panels of figure 14 show the exclusion limits at the 95% CL in the plane of
DM mass and DM-electron cross section for the future silicon based experiment, using the
local DM velocity distribution at the isolated MW (black), pericenter (green), present day
(orange), and future (magenta) snapshots of halo 13. The exclusion limits for the three
latter snapshots are shown as solid coloured curves for the MW+LMC distribution and
dashed coloured curves for the MW-only distribution. The mean and the shaded band in the
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exclusion limits are obtained from the mean and 1‡ uncertainty band of the halo integrals
shown in figure 11, respectively. The SHM exclusion limit is shown as the solid blue curve.
As for the DM-nucleus scattering, the local DM density is set to fl‰ = 0.3 GeV/cm3. The
bottom panels show the ratio of the exclusion limits of the MW-only to the MW+LMC
distributions for the pericenter, present day, and future snapshots. The left, middle, and
right panels show the results for three di�erent DM form factors, FDM = 1, FDM Ã q

≠1, and
FDM Ã q

≠2, respectively.
The general implications of the LMC for the exclusion limits on the DM-electron scat-

tering cross section are similar to the DM-nucleus scattering, although the e�ect is smaller in
the former case. As it can be seen from figure 14, for all three choices of the DM form factor,
the exclusion limits of the MW+LMC distribution at the LMC’s pericenter approach and the
present day MW-LMC show a shift towards smaller DM masses and lower DM-electron cross
sections compared to the isolated MW. As expected, the shift becomes larger for smaller DM
masses, where the experiment probes larger vmin. In particular, the exclusion limit for the
MW+LMC distribution at the present day snapshot is lower than the isolated MW exclusion
limit by up to a factor ≥ 4 at m‰ ≥ 1 MeV, and by up to a factor ≥ 50 at m‰ ≥ 0.6 MeV.
For DM masses below a few MeV and at fixed cross sections, the exclusion limit is shifted by
a fraction of MeV towards smaller masses for all three choices of the DM form factor.

6 Discussion and conclusions

In this work we have utilized a set of magneto-hydrodynamical simulations of MW-LMC
analogues from the Auriga project [40] to study the e�ect of the LMC on the local DM
distribution and explore its implications for DM direct detection. We first identified 15 MW-
LMC candidate systems by requiring that the stellar mass of the LMC analogue and its
distance from the host at its first pericenter approach match observations. We then focused
on one MW-LMC analogue and studied the impact of the LMC on the local DM distribution
at di�erent times (snapshots) in its orbit. In particular, we considered four representative
snapshots: the isolated MW analogue, the first pericenter approach of the LMC analogue,
the closest snapshot to the present day MW-LMC system, and the MW-LMC system at a
future point in time, ≥ 175 Myr after the present day.

We extracted the DM density and velocity distribution in the Solar region. The allowed
positions of the Sun in the simulations were chosen such that they match the observed Sun-
LMC geometry. In particular, we first found the stellar disk orientations in the simulations
that make the same angle with the orbital plane of the LMC analogues as in observations.
We then determined the position of the Sun for each allowed disk orientation by matching
the angles between the orbital angular momentum of the LMC and the Sun’s position and
velocity vectors in the simulations to their observed values. The best fit Sun’s position was
then defined as the one that leads to the closest match of the angles between the Sun’s
velocity vector and the LMC’s position and velocities with observations. Using the local DM
velocity distributions extracted from the simulations, we computed the halo integrals and
showed how the LMC impacts their high speed tails. Finally, we simulated the signals in
three near future xenon, germanium, and silicon direct detection experiments, considering
the DM-nucleus interaction in the first two experiments and the DM-electron interactions in
the latter, and studied the implications of the LMC on their exclusion limits. We summarize
our findings below:
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• The percentage of the DM particles originating from the LMC in the Solar region is
in the range of [0.0077≠2.8]% for the selected MW-LMC analogues. The local DM
density is in the range of [0.21≠0.60] GeV/cm3, depending on the halo.

• The local speed distribution of the DM particles originating from the LMC peaks at
the high speed tail (& 500 km/s with respect to the center of the MW analogue) of the
local speed distribution of the native DM particles of the MW, with large halo-to-halo
variations in the results. Focusing on di�erent snapshots of one halo shows that the
LMC impacts the high speed tail of the local DM speed distribution not only at its
pericenter approach and the present day, but also up to ≥ 175 Myr after the present day.

• The LMC causes a shift in the high speed tail of the halo integrals towards larger
speeds. Three key factors contribute to the variations in the tails of the halo integrals,
quantified with the metric �÷ (eq. (4.3)). First, a higher percentage of the DM particles
originating from the LMC in the Solar region in general leads to a higher �÷, across
di�erent MW-LMC analogues and di�erent snapshots of one system. Second, the exact
Sun-LMC geometry for the choice of the Sun’s position in the simulations has an impact
on �÷, with the best fit Sun’s position being close to a position which maximizes �÷.
Therefore, in the MW we expect �÷ to be close to its maximum value at the Solar
circle. Third, the native DM particles of the MW in the Solar region are boosted in
response to the passage of the LMC, causing a further increase in �÷. The combination
of this boost and the presence of the high speed LMC particles in the Solar region causes
a shift of greater than ≥ 150 km/s in the high speed tail of the halo integrals at the
present day.

• The di�erences in the high speed tail of the halo integrals due to the LMC lead to
considerable shifts in the expected direct detection exclusion limits towards lower cross
sections and smaller DM masses. In particular, the LMC lowers the exclusion limits
set by the future xenon experiment on the DM-nucleon cross section by an order of
magnitude for a DM mass of ≥ 8 GeV, by more than three orders of magnitude for a
DM mass of ≥ 6 GeV, and by more than five orders of magnitude for a DM mass of
≥ 5 GeV. For the future germanium experiment, the exclusion limits are lowered by
an order of magnitude for a DM mass of ≥ 0.5 GeV and by more than three orders of
magnitude for a DM mass of ≥ 0.4 GeV. The LMC also lowers the exclusion limits set by
the future silicon experiment on the DM-electron cross section by up to a factor of ≥ 4
for a DM mass of ≥ 1 MeV and by up to a factor of ≥ 50 for a DM mass of ≥ 0.6 MeV.
Furthermore, the LMC leads to a horizontal shift in the exclusion limits towards smaller
DM masses, by a few GeV for xenon, a few hundred MeV for germanium, and a fraction
of MeV for silicon, with the shift being more prominent for smaller DM masses. Thus,
the LMC extends the parameter space probed by direct detection experiments towards
lower DM masses.

The novel finding of our work is that the LMC’s influence on the local DM distribution
is significant even in a fully cosmological simulation, which follows the evolution of the MW
and LMC analogues. While there are important halo-to-halo variations in the results of
our cosmological simulations, a number of key conclusions could be reached by focusing on
di�erent snapshots of a particular MW-LMC analogue. Our study shows that a massive
satellite that is just past its pericentric approach can significantly boost the high speed tail
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of the local DM velocity distribution. We also find that our particular Sun-LMC geometry
maximizes the impact on the DM velocity distribution.

Our results are in general agreement with those of ref. [30], which studied the e�ect of
the LMC on direct detection signals in a suite of idealized simulations of the LMC’s orbit
around the MW. Similar to our findings, they found that for small DM masses the LMC
causes a vertical shift of more than an order of magnitude in the exclusion limits on the
DM-nucleon cross section towards smaller cross sections.

The results of our fully cosmological simulations provide further evidence of the impor-
tance of the LMC’s impact on the local DM distribution. It also strengthens the argument
that these significant e�ects should not be overlooked in the analysis of future DM direct
detection data, especially for low DM masses. Finally, our results have wider implications
for the validity of utilizing the idealized simulations to understand other phenomena, such
as the predictions for a DM wake induced by the LMC in the halo. Future cosmological
simulations, which can achieve higher resolution would ultimately be able to quantify with
high precision the di�erences in the high speed tail of the local DM velocity distribution due
to the presence of the LMC.
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