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Dark Matter Velocity Distributions for Direct Detection:
Astrophysical Uncertainties Are Smaller Than They Appear
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The sensitivity of direct detection experiments depends on the phase-space distribution of dark matter
near the Sun, which can be modeled theoretically using cosmological hydrodynamical simulations of
Milky Way-like galaxies. However, capturing the halo-to-halo variation in the local dark matter speeds—a
necessary step for quantifying the astrophysical uncertainties that feed into experimental results—requires
a sufficiently large sample of simulated galaxies, which has been a challenge. In this Letter, we quantify this
variation with nearly 100 Milky Way-like galaxies from the TNG50 simulation, the largest sample to date at
this resolution. Moreover, we introduce a novel phase-space scaling procedure that endows every system
with a reference frame that accurately reproduces the local standard-of-rest speed of our Galaxy, providing
a principled way of extrapolating the simulation results to real-world data. The ensemble of predicted speed
distributions is well characterized by the standard halo model, a Maxwell-Boltzmann distribution truncated
at the escape speed, though the individual distributions can deviate from it, especially at high speeds. The
dark matter—nucleon cross section limits placed by these speed distributions vary by ~60% about the
median. This places the 1o astrophysical uncertainty at or below the level of the systematic uncertainty of
current ton-scale detectors, even down to the energy threshold. The predicted uncertainty remains
unchanged when subselecting on those TNG50 galaxies with merger histories similar to the Milky Way.
Tabulated speed distributions, as well as Maxwell-Boltzmann fits, are provided for use in computing direct

detection bounds or projecting sensitivities.

DOI: 10.1103/wmpg-mw4h

Introduction—Direct detection experiments seek to dis-
cover dark matter (DM) through its interactions with a
terrestrial detector (see, e.g., Refs. [1-3]). The scattering
rate depends on both particle physics quantities, such as
the interaction cross section, and astrophysical quantities,
such as the DM speed distribution at the solar position.
Uncertainties on the latter are assumed to be significant, but
are rarely included in experimental results [4—6], as they
depend on the complicated evolution of the Milky Way
(MW) halo. The standard halo model (SHM) simply
assumes that DM near the Sun is equilibrated, following
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a Maxwell-Boltzmann speed distribution truncated at the
Galactic escape speed [7-9]. Quantifying deviations from
the SHM is necessary to robustly interpret experimental
sensitivities.

Cosmological simulations provide useful models for
MW-like halos. Originally, DM-only simulations of such
halos recovered speed distributions that underpredicted the
mean DM speed relative to the SHM in the solar neighbor-
hood [10-17]. Later, hydrodynamical simulations showed
that the addition of baryons deepens the gravitational
potential of the Galaxy, typically boosting DM speeds
closer to the SHM prediction, but often discrepancies at the
high-speed tail remain [17-30]. Because of this predicted
variability, constraints on the DM-nucleon interaction cross
section are thought to have large uncertainty, especially for
low-mass DM, where only high-speed material produces
detectable signals.

Simulated halos may have unreasonable DM speed
distributions if their disk properties differ from those of
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our Galaxy, which is anomalously compact for its stellar
mass [31-34]. A deeper potential would increase the
circular speed of the disk and the DM speed near the
Sun. Finding a simulated MW-like halo that closely
reproduces our Galaxy’s disk properties necessitates a
large sample size, which is difficult given the computa-
tional expense of such simulations. Moreover, the rarity of
finding a close match to the Galaxy makes it challenging to
fully characterize the expected halo-to-halo variance for
systems with different evolutionary histories.

This Letter uses TNG50 [35,36] to study a suite of 98 MW-
like galaxies—the largest to date at this resolution. We
implement a scaling of the simulated phase space, com-
pressing the halos in position space, which correspondingly
brings the circular speeds of each in line with observations,
allowing for principled comparisons to the MW.
Additionally, because the merger histories of the galaxies
in this suite are known, we can test how the resulting speed
distribution depends on the presence of a Gaia Sausage-
Enceladus (GSE) event [37-39] and the Large Magellanic
Cloud (LMC), two major events in the Galaxy’s history. We
show that, even when accounting for the halo-to-halo
variance arising from different merger histories, the astro-
physical uncertainty on direct detection limits is at or below
the level of current experimental uncertainties for a charac-
teristic ton-scale detector, e.g., Refs. [40-42].

Simulated Milky Way-like galaxies—We use the highest-
resolution simulation of the IustrisTNG suite, TNG50 [35,36],
which spans a volume of (51.7 Mpc)?. Halos are identified
with SubFind [43,44] and given a total mass (My,) and a
stellar mass (M,). From this catalog, we select MW-like
halos that (1) have a stellar mass consistent with observa-
tions of the MW, viz. (4-7.3) x 10'°M ,, (2) are more than
500 kpc from any halo with larger My, and (3) are more
than 1 Mpc from any halo with My, > 10%Mg, as in
Sec. 2.2 of Ref. [45]. The latter two requirements ensure the
local environment of the MW-like halos is relatively empty,
while still allowing for M31-like companions. We consider
all particles near the MW-like halos, not only those which
SubFind assigns to the halo. The 98 halos satisfying these
criteria are presented in Ref. [45], along with a discussion
of their merger histories.

TNG50 produces exponential disk lengths R, =
44732 kpe for MW-like systems [46,47], consistent with
the observed R; ~ 4-8.5 kpc [47,48]. However, the MW is
thought to have a more compact disk than other galaxies
of its mass [31-34,49] (though, see Ref. [50]), with
R, =1.7-2.9 kpc [31,47,51-53], which is infrequently
reproduced in TNG50 [46,47,54,55].

Because the stellar mass distributions in the TNGS0
sample are extended relative to the MW, stars in these
galaxies are typically slower than the local standard-of-
rest (LSR) speed, v;gg = 238 £ 1.5 km s~! [5,53,56,57].
Figure 1 shows the average speed of simulated stars near
the disk plane (|z] < 1 kpc) as a function of cylindrical
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FIG. 1. Average speed of stars in the disk plane (at heights

|z] <1 kpc) plotted as a function of cylindrical radius ry,. The
blue solid line indicates the median, evaluated binwise, of the
TNG50 sample, while the shaded region indicates the 16th—84th
percentile containment in each bin. The dashed gray horizontal
and vertical lines correspond to the local standard-of-rest speed
(visr = 238 kms™!) and the solar radius (R, = 8.3 kpc), re-
spectively. The Galaxy has a particularly compact stellar dis-
tribution. As such, v gg is 40 kms™! faster than the median of the
TNG50 galaxies at Rg. The scaling procedure developed in this
Letter corrects for this, boosting stellar speeds closer to v;gg at
Ro. The pink vertical band brackets the 16th—84th percentile of
the simulated galaxies after scaling, with a marker at the median.

radius ;. The z axis is parallel to the angular momentum
of stars and star-forming gas within twice the stellar half-
mass radius [47]. The blue line indicates the median across
the sample of MW-like galaxies, evaluated binwise, while
the blue shaded region marks the 16th and 84th percentiles.
At the solar radius, Ry = 8.3 kpc [57,58], the average
stellar speed in TNGS0 is 19877 kms™' (16th, 50th, 84th
percentile), 40 kms~! slower than v;gz. While some
discrepancy is expected due to asymmetric drift [59,60],
this effect is on the order of a few kilometers per second for
most populations in the MW’s disk [61-64], and the TNG50
stellar speeds are too low to be explained by this
effect alone.

The concerns outlined here apply to any simulation.
Modeling subgrid baryonic physics is often a source of
systematic uncertainty, especially for baryonic mass dis-
tributions, but any simulation that accurately reproduces
observed spiral galaxy scaling relations will produce
compact MW-like galaxies only as outliers, as the MW
itself is not typical.

Scaling phase space—Because of the discrepancy
between stellar speeds in the TNG50 sample and the
observed solar speed, these systems will not make realistic
predictions for the DM distribution in our Galaxy. For
example, assuming that an observer is located at Ry in an
arbitrary TNG50 galaxy and inferring the DM speed dis-
tribution from the simulated particles at this radius will
yield slower DM speeds relative to what should be expected
for the MW. One naive solution is to place the observer in
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the simulated halo at some radius r # Ry in a way that
scales with the size of the system (e.g., Ref. [25]). However,
this still rarely gives stellar speeds comparable to vy gr, as
can be seen from Fig. 1.

Previous works have approached this challenge differ-
ently. Reference [29], which studied one MW-like galaxy
from the Latte suite [65,66], introduced a boost to the
observer’s frame to match v; gg. While the correction was
small, this procedure corresponds to a transformation that
does not conserve energy. Reference [24] selected gal-
axies from the EAGLE [67,68] and APOSTLE [69,70]
projects, requiring that they closely match the Galaxy’s
rotation curve. While principled, this selection reduced
~60 halos to 14.

We aim to preserve the full sample of 98 MW-like
systems in TNG50 while bringing them into alignment with
the observed properties of our Galaxy in the solar neigh-
borhood. Therefore, we perform an energy-conserving
scaling to both position and velocity coordinates as follows:
(1) With Newton’s constant G, define the mass inside R as

MLSR = ULSRzR@/G =1.09 x lOllMO. (1)

(2) For each simulated halo, find the radius R,, that
encloses a mass equal to My qg, and (3) scale phase space
so Ry — Rg, conserving energy,

R R
ro>rx—2 and v vx, |2 (2)
Ry o

for simulated positions r and velocities v.

Any scaling of positions and velocities of this form is
purely a change in units: it preserves the collisionless
Boltzmann equation and therefore the evolution of the
distribution function, as well as the expression for circular
speed assumed in Eq. (1) (see Appendix A).

The particular choice of R, +— R, ensures that the
leading-order evolution of the distribution function is
equivalent to that expected for the MW. Consider the
gravitational potential ¢(r) under a multipole expansion.
After scaling, the monopole term evaluated at Ry is
¢(Ry) = GMsg /Ry, as inferred for the MW. The
higher-order terms of ¢ reflect the merger histories of
individual halos and contribute to the variance we measure.

Because 92% of halos in the TNG50 sample have enclosed
masses at Ry below Mg, distances are typically short-
ened, with scale factor Ry /R, = 0.7203. This compres-
sion increases the mass enclosed at R, yielding the correct
¢, and the boost in speeds corresponding to this new
potential recovers v;gr. The vertical pink line in Fig. 1
shows the range of average stellar speeds at R in the TNG50
galaxies after scaling; it is 231:65 kms~!, in better agree-
ment with the MW.
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FIG. 2. DM speed distributions around R, both before (blue)
and after (pink) scaling the simulated halos. The shaded bands are
binwise containment regions, bracketing the 16th—84th percentile
of the distributions. The solid blue and pink lines show best-fit
truncated Maxwell-Boltzmann probability distributions (see text)
for the scaled and unscaled halos, respectively, and the black
dashed line indicates the SHM prediction. The DM particles in
the scaled halos have higher speeds, corresponding to their more
compact mass distributions. With these higher speeds, the scaled
halos better recover the SHM’s peak at v; g, though their shapes
are, in general, non-Maxwellian.

The DM speeds at R, exhibit a similar shift, shown in
Fig. 2. For each halo, we construct the speed distribution
from DM particles in the solar annulus, the cylindrical
region where |r.,; — Rp| < 1 and |z| < 1 kpc. The shaded
regions span the 16th—84th percentiles of the distributions,
computed binwise, for the halos before (blue) and after
(pink) scaling. The black dashed curve is the SHM
(including a cutoff at the escape speed 544 kms™'), and
the vertical dashed gray line indicates the peak of the
distribution at vy = vy g = 238 kms~!. As containment
regions, the shaded areas are not themselves probability
distributions. To guide the eye, solid lines indicate
truncated Maxwell-Boltzmann distributions fit to the
TNG50 sample before and after scaling. The best-fit v
value is 213 +19 kms~! for the unscaled halos and
240 £ 11 kms~! for the scaled halos, with a best-fit v,
value of 510 4 46 and 567 + 43 kms~!, respectively (see
Appendix B). Like for the stars, the unscaled DM speeds
are too slow, with best-fit v, for the unscaled halos
25 kms™! below v gg. After scaling, the speed distribu-
tions are in better agreement with the SHM, with a best-fit
vy only 2 kms~! away from vy gg. This is expected, as the
scaling is designed to recover a mean speed close to vy gg.
We note, however, that the individual halos’ speed dis-
tributions are not necessarily Maxwellian: the distributions
of the cylindrical velocity components have excess kurtosis
(0407917, =0.11%539, —0.022-12) for (v,, vy, v.).

We have validated this procedure by comparing the
distribution of scaled halos to the unscaled halos with
Ry ~ Ry, i.e., those that are already as compact as the MW.
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For this subset, both the DM densities and the speed
distributions in the solar annulus are consistent with
those for the full sample of scaled galaxies, see Fig. 5.
Additionally, our prediction for the DM speed distribution
is consistent with results from the burstier FIRE-2 model
[71], but only once appropriate care is taken to match the
observed circular speed (see Appendix A).

Implications for direct detection—The changes to the
phase-space distribution of DM around R induce changes
in the elastic DM-nucleon recoil spectrum. We compute the
recoil spectrum using the WIMPRATES package [72], which
we modify to accept distributions other than the SHM. The
speed distributions are boosted to the reference frame
of Earth on March 9, 2000, as per Refs. [5,73,74]. The
resulting recoil spectra are passed through an approxima-
tion to the XENONIT search pipeline provided in
Ref. [75], which emulates the analysis of 1 ton-yr of
exposure from the XENON Collaboration [40], including
background and detector response models. This pipeline
constrains the DM-nucleon cross section og that would
exceed the modeled detector background at 90% confidence
limit (C.L.). The search region in recoil energy—i.e., recoil
energies that are reconstructed with at least 1% efficiency—
is from 2.25 to 58 keV.

The top panel of Fig. 3 shows the 90% C.L. on the cross
section for DM-nucleon scattering for the XENONIT
experiment, as a function of the DM mass m,,. The shaded
gray region indicates the bound set by the SHM, with a
width set by observational uncertainty in the local DM
density p, = 0.3-0.6 GeV cm™3 [76]. The blue band is the
16th—84th percentile containment region for the equivalent
constraints set using the DM densities and speeds directly
from TNG50, and the pink band shows this after the
aforementioned scaling. The lower panel shows the differ-
ence between these constraints and the prediction from the
SHM with p, fixed to 0.4 GeV cm™3, divided by the SHM
prediction. The unscaled limits grow weaker than the SHM
prediction at low DM masses and the uncertainty in the
limit (i.e., the width of the shaded 1o inclusion region)
grows large in this regime. In contrast, the limits set using
the scaled halos show a smaller uncertainty and are in better
agreement with the SHM. Specifically, the 16 containment
region for o upper limits at m, =5 GeV c~? ranges 56%
(123%) below (above) the median for the unscaled phase-
space distributions, shrinking to 39% (73%) in the
scaled case.

The DM density sets the normalization of the sensitivity
curves in Fig. 3, with higher p, leading to more stringent
limits. The unscaled halos are less compact, have lower p,,
and set weaker limits than their scaled counterparts (see
Appendix A for more detail on the DM densities). Beyond
m, ~25 GeV c2, most DM scattering events deposit
enough energy to be detected, regardless of their speed.
Therefore, uncertainty in oy is primarily from p,, which
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FIG. 3. DM-nucleon spin independent cross section limits
(90% C.L.) as a function of DM mass m,, as derived from
simulated DM halos (blue), compared to the predictions from the
SHM (shown in gray, with the spread set by uncertainty in the
local DM density p,). The lower panel shows the fractional
difference of the above curves relative to the SHM with a fiducial
choice of p, = 0.4 GeV cm™. The pink curves show limits
derived from the same halos after phase-space scaling. While
the overall normalization scales with p,, variations in p, do not
change the shape of the limit. The weakening of the unscaled
limit at m, <10 GeV ¢~? arises because the DM speed distri-
bution is systematically slower than the SHM, an effect that
scaling corrects for.

leads to a 33% spread of the 16 containment region. Below
this mass, the uncertainty is primarily from the speed
distribution. As seen in Fig. 2, the unscaled speed dis-
tributions fall off much faster than the SHM at high speeds,
while the scaled distributions still have support near the
escape speed of the halo. The deficit of high-speed DM in
the unscaled halos leads to a weakening of the o¢ limit, as
there are few scattering events that deposit energies above
the detector threshold. The scaled speed distributions,
however, do not suffer this deficit, and the o limit better
matches that set by the SHM.

We note that this analysis may not resolve small-scale
DM streams or other local velocity structures because
(1) we construct the speed distribution as an azimuthal
average of particles within an annulus around the galactic
center, and (2) the simulations are subject to a 288 pc
softening length. Additionally, we neglect the gravitational
effect of the Sun, which can focus the local DM phase space
[77]. These assumptions can potentially induce changes to
the predicted scattering rate.
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Restricting merger history—The large sample of halos
allows us to determine the effects of the merger history on
the speed distributions. We select one group of 32 halos that
have had a GSE-like merger and another group of 11 halos
with LMC-like satellites. Here, GSE-like mergers are
identified as those that deposit stars with highly radially
biased velocities that comprise 50% of the ex situ stars
(defined as in Ref. [45]) within vertical distance
|z| €9, 15] kpc [38,78-83]. LMC-like satellites are those
with mass Mgy, > 10" Mg within the MW’s virial radius
(the Ry, defined in Ref. [45]). Figure 4 shows the speed
distribution for those galaxies with a GSE (yellow band)
and with an LMC (purple band). Although the distributions
for these two subsamples are consistent with the overall
population (bracketed by the pink lines) to within 1o, there
are systematic shifts between them. In particular, the halos
with an LMC-like satellite have slightly more support at the
high-speed tail of the distribution, with 0.61)4% of DM
particles at or above the SHM escape speed, compared to
0.1107% in the overall population. This is consistent with
results from Refs. [84-86]. In contrast, halos with a GSE-
like merger yield slightly less support on the high-speed
tail, with 0.2703 % of DM particles at or above 544 kms™!,
though these halos are otherwise consistent with the overall
population. This behavior differs from what was observed
by Ref. [26] using the Auriga simulations [87], although
their sample consisted of only four halos with GSE-like
events and thus may not have captured the full range of
possibilities. In an upcoming study, we will compare the
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FIG. 4. Scaled DM speed distributions for MW-like halos in the
sample with GSEs (yellow) and with LMCs (purple). For
comparison, the solid pink lines outline the shaded pink region
from Fig. 2 and bracket the range for all scaled halos. The bands
correspond to the 16th—84th percentile containment. The inset
focuses in on the high-speed tail, with the dashed and dotted
black lines indicating the only two halos that experienced both a
GSE and LMC event. A GSE (LMC) event biases the high-speed
tail to lower (higher) values, although the shifts are relatively
small and largely contained within the halo-to-halo uncertainty of
the full sample.

exact speed distributions from TNG50 with versions derived
from GSE stellar debris (e.g., Refs. [81,88,89]).

Conclusions—This Letter provides an updated and state-
of-the-art theoretical prediction for the local speed distri-
bution of the Milky Way, derived from the largest set of
simulated galaxies to date at its resolution. We performed a
physically motivated scaling of the positions and velocities
of the particles in 98 MW-like halos in the TNG50 simulation
to better reproduce the local circular speed v;gg in our
Galaxy. This scaling dramatically increased the number of
MWe-like halos that could be used to construct DM speed
distributions and which could be robustly compared to the
observationally motivated SHM. In general, the ensemble
of recovered distributions exhibited excellent agreement
with the SHM, even though the individual halos’ distribu-
tions are not always well fit by a Maxwell-Boltzmann
parametrization. The corresponding lo uncertainty from
halo-to-halo variance is comparable to, and sometimes less
than, the systematic experimental uncertainty for experi-
ments such as LUX-ZEPLIN and XENONIT. Subselecting
on those galaxies with merger histories similar to the
Milky Way did not significantly affect the uncertainty
range. These results motivate renewed efforts to model
other sources of experimental uncertainty, such as the form
factors and detector response functions near threshold,
which had previously been thought to be subdominant.

Appendix B presents tabulated distributions and analytic
parametrizations for computing bounds or sensitivities
for existing and future direct detection experiments. See
Appendix B and Ref. [90] for our own data products,
including the individual halos’ DM speed distributions and
densities, as well as a global fit to the DM speed
distribution inferred for the MW. All MustisTNG data are
publicly available [91].
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End Matter

Appendix A: Validation of procedure—The evolution
of a phase-space distribution function f(x,v;t) is
described by the collisionless Boltzmann equation,
which takes the form

Y, 9,

%@ .9 Al
or " ox (A1)

ox ov

for  particles evolving under a  Hamiltonian
H =11 + ¢(x,1). Consider a point Q = ()Ev) under a
coordinate transformation such that Q > Q = (X,V) =
(a*x,a”'v), with tildes indicating quantities evaluated in
the new coordinate system. To ensure that v is the time

derivative of X, we must also take 7 = o°t.

By conservation of probability, f(Q) = a7 f(Q), from
the Jacobian of this coordinate transformation. Specifically,
the nonzero entries of the Jacobian matrix are

ox; ov;
)fl =80~ and 13’ = 5,a,
0xj dvj

(A2)

with §;; the Kronecker delta. From this, we can immedi-

ately determine how the first two terms transform,

of 0

l = (a_lv) . <a_5‘f )

ot 0
(A3)

oOf

o o ox

b V ~
Q ox

For the third term, let ¢ be the gravitational potential.
The potential d¢ sourced by a mass dm at position x’ is

Gdm
x|’

dop(x) = (A4)

In scaled coordinates, with the mass at position X', this
becomes

This holds for all masses, so

_ _ —4% . —2%
Q_ <a axQ> (a 6VQ

and each term in Eq. (A1) transforms with a factor of a™.

As such, the form of the collisionless Boltzmann
equation is unchanged in the new coordinate system: f
is out of equilibrium (i.e., ]‘ has nonzero time derivative) if
and only if f is out of equilibrium, and an observer using
the transformed coordinate system will observe gravita-
tional evolution under ¢ proceeding as in the original

oxX ov

9 of

) o

coordinate system. Additionally, for a system with mass M
enclosed at a radius R, an observer in the transformed
coordinate system will measure this mass to be enclosed
within a radius R = a?R. The circular speed at this radius is

v(R) = /GM/R, as in Eq. (1), and the observer will see

a@y:¢%g:¢ggzwwm)

consistent with the transformation assumed for .

These arguments hold regardless of the value of a, and
one is free to choose any value for a. The choice taken in
this Letter, « = \/Rg/ Ry, ensures that the enclosed mass
at X = R 1S My sg and therefore ensures that the leading-
order term in ¢ is consistent from halo to halo. To verify
that this scaling procedure still produces reasonable DM
distribution functions, we compare the unscaled halos that
are most MW-like, which undergo minimal scaling (a ~ 1),
to the set of all 98 halos with scaling applied. The results
of this test are shown in Fig. 5. The left panel of Fig. 5 is
formatted as Fig. 2, but with the unscaled distributions
(blue) restricted to halos with a~ 1. Specifically, the
unscaled distributions show the seven halos with
|Ry/Ro — 1| < 0.125. Though the overall distributions
of unscaled and scaled halos differ (as seen in Fig. 2),
the scaled halos more closely match the most MW-like
unscaled halos.

Further, we reproduce the speed distribution from
Ref. [30] (shown in black in Fig. 5), who use 12 FIRE-
2 galaxies [71,92] to develop an inference pipeline for the
local speed distribution of a MW-like galaxy, taking the
local circular speed as an input. Their final prediction lies
within the halo-to-halo variance of the TNG50 result.
Although the statistics of the FIRE-2 sample are limited,
this suggests that the conclusions of our Letter may not be
highly sensitive to the details of the subgrid model.

The scaling procedure does modify p,, the spatially
averaged DM density within the solar annulus, as it brings
particles toward the center of the halo. Prior to scaling,
Py = 0.377005 GeV cm™3; after scaling, this increases to

0.517073 GeV cm™3. These values—both before and after
scaling—are consistent with MW observations, which
range from 0.3 to 0.6 GeV cm™ [76]. The full distributions
are plotted in the right panel of Fig. 5, where p, is shown
before scaling (blue) and after scaling (pink). The dashed
blue shows the subset of unscaled halos with
|Ry/Ro — 1| < 0.125, and again this distribution is in
agreement with the scaled halos.

Finally, we also verify that the monopole term of ¢ sets
the average speeds found in the simulation and, therefore,
that correcting this term should yield speeds comparable
to vrgr- This is shown in Fig. 6, which plots the average

(A7)
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Probability distributions for DM speed (left) and density (p,, right) around R,. The left panel shows the pink scaled-halo band

exactly as in Fig. 2, but the blue distribution representing the unscaled halos now only includes those with the smallest scaling factors,
where |Ry /Ry — 1| < 0.125. The right panel shows, in blue, the distribution of p, values for the unscaled halos, the full distribution
with a solid line, and the least-scaled halos drawn with a dashed line. The pink solid line indicates the distribution for the scaled halos,
and the shaded gray region indicates measurements of p, in the MW [76]. In both panels, the resulting distribution of scaled halos is
compatible with the most MW-like unscaled halos. The left panel also shows (in black) the 16 band for the speed distribution inferred for
the MW from Ref. [30], which uses the FIRE-2 simulations. It agrees with our scaled distribution, suggesting that the conclusions of this
Letter may be insensitive to the choice of subgrid model. Additionally, we show scaled speed distributions for two individual halos that
over- and underestimate the high-speed tail relative to the SHM in dashed and dotted pink, respectively, to emphasize that individual

halos have non-Maxwellian speed distributions.

speeds of stars in the solar annulus of the unscaled TNG50
halos against M, the mass enclosed within Rg. For
reference, the local standard-of-rest speed is shown as a
dashed gray horizontal line and a solid black line indicates

\/GM /R, the speed predicted by the monopole term of ¢.
Average speeds follow this prediction to within ~3% on
average. These deviations may be caused by higher-order
terms in the potential or out-of-equilibrium effects.
Therefore, accounting for the discrepancy between the
simulated masses within Ry and the Mgy inferred for

250
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175

Average stellar speed (km s~1)

6 8 10 12
Total mass within Rg (101°Mg)

FIG. 6. For each MW-like galaxy, this shows the average
speed of stars in an annulus around the solar radius (the same
region used in Fig. 2), compared to the total mass M enclosed
within Rg. The speeds lag ~20 kms~! behind v gz (shown in
dashed gray), and they correlate with the square root of the
enclosed mass as expected, staying along the solid black curve,

which denotes /GM/R.

the MW should yield good models for the DM speed in
the MW.

Appendix B: Recommendations for direct detection—
Here, we provide expressions for the TNG50 DM
distributions that can be used as an input to further
studies, both on a halo-by-halo level and for the overall
population of MW-like galaxies.

Numerical interpolators for the exact speed distributions
are available online [90]. For each halo, we provide the
DM density around Rg. We also provide parametric speed
distributions, in the form of a truncated Maxwell-
Boltzmann,

2
fi(v) = 4mv’kexp (— U—2> O(ves. —v), with (BI)
v,

0
(5] e

where O is the Heaviside step function, erf is the Gauss
error function, v, is the peak speed, and v is the
truncation speed.

For each simulated halo, we generate an ensemble of
10000 speed distributions by randomly sampling (with
replacement) DM speeds in the solar annulus. For each of
these random samples, we perform a maximum likelihood
fit to a truncated Maxwell-Boltzmann distribution to extract
vo and v.s. This bootstrapping technique quantifies the
statistical uncertainty in fit parameters for the individual
halos, which is typically on the order of 1 kms™! in v,

_ Ve 2
k1 = (m)? [erf () -t
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and 5 kms™! in v... These values are tabulated in the
repository linked above, but we caution that the exact speed
distributions are not always well modeled by this functional
form. For example, the left panel of Fig. 5 shows an
individual halo’s speed distribution in dashed (dotted) pink
that significantly over- (under-) predicts the high-speed tail
with respect to its parametric fit.

An estimate for the globally preferred values of v, and
Ve 18 determined by fitting a bivariate Gaussian distribu-
tion to the collection of all 98 000 sets of best-fit v, and
Vese- The result of this Gaussian fit is reported in Table I,
where the means and standard deviations for vy and v, are
given in the first two columns of the table, and the third
column is the Pearson correlation coefficient, i.e., the
covariance normalized by the product of the individual
standard deviations. The full covariance matrix can be
reconstructed from these values. For readers interested in a

TABLE I. Best-fit values and uncertainty for the parameters of
Eq. (B1). These are fit across the entire simulated sample,
marginalizing over the halo-to-halo variance. For reference, recall
that the SHM has vy = 238 and v, = 544 kms~!. The third
column is the Pearson correlation coefficient, which (with the
standard deviation on the individual parameters) determines the
full covariance matrix.

Sample vy (kms™') v, (kms~')  Correlation
TNGS50, unscaled 213 £19 510 £ 46 0.75
TNGS50, scaled 240+ 11 567 £43 0.60

single DM distribution to use for the MW, our recom-
mendation is to use the values in this table, as they
marginalize over the halo-to-halo variance present in the
TNG50 sample.
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