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Abstract

The growing trove of precision astrometric observations from the Gaia space telescope and other
surveys is revealing the structure and dynamics of the Milky Way in ever more exquisite detail. We
summarize the current status of our understanding of the structure and the characteristics of the
Milky Way, and we review the emerging picture: the Milky Way is evolving through interactions
with the massive satellite galaxies that stud its volume, with evidence pointing to a cataclysmic
past. It is also woven with stellar streams, and observations of streams, satellites, and field stars
offer new constraints on its dark matter, both on its spatial distribution and its fundamental
nature. The recent years have brought much focus to the study of dwarf galaxies found within our
Galaxy’s halo and their internal matter distributions. In this review, we focus on the predictions of
the cold dark matter paradigm at small mass scales through precision astrometric measurements,
and we summarize the modern consensus on the extent to which small-scale probes are consistent
with this paradigm. We note the discovery prospects of these studies, and also how they intertwine
with probes of the dynamics and evolution of the Milky Way in various and distinct ways.
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1 Introduction

It has long been recognized that detailed observations of our Milky Way (MW) galaxy and its stars could
lead to a near-field cosmology. This is distinct from far-field studies of the large-scale structure of the
Universe [1], which are realized through observations of the cosmic microwave background (CMB) [2, 3]
or of the clustering of galaxies [4, 5]. Although small-scale structure probes can also be made at far field,
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Image credit: S. Brunier/ESO; Graphic Source: ESA

Spacecraft sweeps the sky, viewing objects many times
Gaia’s Forecast

Figure 1: An illustration of Gaia’s reach — note that “previous missions” refer to Hippar-
cos [18]. From [19], reprinted by permission from Springer Nature.

through, e.g., gravitational lensing [6, 7] or from the imprint of neutral hydrogen in the intergalactic
medium on the spectra of distant quasars [8, 9], in this review we focus on the small-scale tests possible
in the nearest of fields: the MW itself. Studies within the MW offer probes of dark matter with a
precision not currently possible through any other means. In contrast, all terrestrial experiments in
particle, nuclear, or atomic physics that search for dark matter (DM) require that the DM particles
have non-gravitational interactions with the particles of the Standard Model (SM). This may change
— advances in sensing beyond the quantum limit [10], stimulated by the sensitivity needs of the LIGO
gravitational wave detector [11], have spurred other DM studies [12, 13, 14, 15] — and gravitational
detection of a DM candidate may yet be realized [14]. Nevertheless, the unique precision with which
we are able to probe the structure and dynamics of our own galaxy extends our ability to hunt for DM
beyond the reach of terrestrial experiments. In this review we consider how sharpening observations
of MW stars drive new and reinvigorate old investigations of the Galaxy, to probe its structure and
evolution, including all of its DM and its own matter distribution and the fundamental properties of
its constitutive elements. Probes of MW structure are hence probes of the nature of dark matter.
This follows a long tradition: all of the positive evidence for DM thus far comes from astronomical
observations within and beyond our own Galaxy [16, 17].

All of this has been made possible through the rise of large-scale astronomical surveys over the last
decades, beginning with the Sloan Digital Sky Survey (SDSS) [20], and continuing with 2MASS [21],
Pan-Starrs1 [22], and DES [23]. The sensitivity and reach of these studies have been greatly enhanced
through the advent of data releases from the Gaia space telescope [24, 25, 26]. We show an estimated
footprint of the Gaia data in Fig. 1. The Gaia mission enormously extends the reach and precision of the
astrometry from the Hipparcos mission of the early 1990’s. Gaia data account for the parallaxes of more
than 1.3 billion objects1 within 10 kpc in Gaia Data Release 2 (DR2) [27, 25]. This is roughly 1% of the
MW’s stars, and this trove greatly expands on our knowledge of the MW compared to the parallaxes for

1More precisely, the Gaia data enable a 5-parameter astrometric solution corresponding to the sky location, parallax
and proper motions of each object.
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Fig. 3. Comparison of our average dust distances derived from stars
to VLBI distances (mainly masers) derived from trigonometric paral-
lax observations towards low- and high-mass star forming regions. We
find good agreement between the two methods, with a typical scatter of
. 10% in distance for clouds across the entire distance range explored
(100 pc � 2.5 kpc). The errors we report for the dust distances account
for both the statistical and systematic uncertainty, added in quadrature.
The shaded region bounding the 1:1 indicates the typical combined un-
certainty we estimate for our dust distances

One small complication is that our method can often obtain
multiple distance estimates across a single cloud, while maser
parallax measurements are usually limited to one or two per star
forming region. To facilitate a fair comparison, we calculate the
average dust distance for every maser above using only sightlines
within a projected distance of 50 pc from the maser sources on
the plane-of-the-sky, based on each cloud’s maser distance.

The relationship between our average dust distances and the
maser distances is shown in Figure 3. Overall, we find good
agreement between the two methods. Across the range of dis-
tances explored, the typical scatter between our average dust
distance compared to the respective maser distance is just under
10%. While this is consistent with our estimated uncertainties
for faraway clouds, this is a few percent higher than our esti-
mated uncertainties for nearby clouds. This could indicate that
we slightly underestimate our uncertainties (by a few percent)
or that the masers are not capturing cloud substructure that is
present in our averaged dust distances, leading to discrepancies
in the cloud distances caused by, for example, distance gradients
in the clouds themselves.

Nevertheless, we find no systematic di↵erence in the dis-
tances derived from each method. This lack of systematic dis-
tance o↵set is evident in Figure 3, with the data providing a very
good fit to the 1:1 line. The good agreement underlines the ac-
curacy of this method with respect to the traditional standard
of cloud distance determination. While we are not able to tar-
get the most extinguished sightlines, our technique is relatively
inexpensive, does not require a radio source, and can be applied
over a much larger fraction of each star-forming region. This her-
alds future opportunities to study the precise 3D dust structure of
these clouds in finer detail, which is currently not possible with
maser parallax observations.

5. Conclusion

Using the technique presented in Zucker et al. (2019), we obtain
accurate distances to ⇡ 60 star-forming regions within 2.5 kpc
described in the Star Formation Handbook (Reipurth 2008a,b).
Averaged over a molecular cloud, we find that our dust distances
agree with traditional maser-based distances to within ⇡ 10%
with no discernable systematic o↵sets. Our catalog contains fa-
mous molecular cloud associations (e.g. the Sco-Cen clouds) as
well as other possible structures that will be the study of future
work. A machine-readable version of the full catalog is pub-
licly available on the Dataverse and at the CDS 10. Upcoming
data releases from Gaia, in combination with future all-sky deep
optical surveys (e.g. LSST; LSST Science Collaboration et al.
2009), should present exciting new opportunities to further im-
prove these distances, in pursuit of better 3D maps of molecular
clouds in the solar neighborhood.
Acknowledgements. We would like to thank our referee, John Bally, and the Star
Formation Handbook editor, Bo Reipurth for their feedback, the implementation
of which greatly improved the quality of this manuscript.
This work took part under the program Milky-Way-Gaia of the PSI2 project
funded by the IDEX Paris-Saclay, ANR-11-IDEX-0003-02.
The computations in this paper utilize resources from the Odyssey cluster,
which is supported by the FAS Division of Science, Research Computing Group
at Harvard University.
The visualization, exploration, and interpretation of data presented in this work
was made possible using the glue visualization software, supported under NSF
grant OAC-1739657.
The interactive component of Figure 2 was created using the visualization
software plot.ly (plot.ly).
D.P.F. and C.Z. acknowledge support by NSF grant AST-1614941, “Exploring
the Galaxy: 3-Dimensional Structure and Stellar Streams.”
C.Z. and J.S.S. are supported by the NSF Graduate Research Fellowship
Program (Grant No. 1650114) and the Harvard Data Science Initiative.
E.S. acknowledges support for this work by NASA through ADAP grant
NNH17AE75I and Hubble Fellowship grant HST-HF2-51367.001-A awarded
by the Space Telescope Science Institute, which is operated by the Association
of Universities for Research in Astronomy, Inc., for NASA, under contract NAS
5-26555.
DECaPS is based on observations at Cerro Tololo Inter-American Observatory,
National Optical Astronomy Observatory (NOAO Prop. ID: 2014A-0429,
2016A0327, 2016B-0279, 2018A-0251, 2018B-0271, and 2019A-0265; PI:
Finkbeiner), which is operated by the Association of Universities for Research
in Astronomy (AURA) under a cooperative agreement with the National Science
Foundation.
The Pan-STARRS1 Surveys (PS1) and the PS1 public science archive have
been made possible through contributions by the Institute for Astronomy,
the University of Hawaii, the Pan-STARRS Project O�ce, the Max-Planck
Society and its participating institutes, the Max Planck Institute for Astron-
omy, Heidelberg and the Max Planck Institute for Extraterrestrial Physics,
Garching, The Johns Hopkins University, Durham University, the University
of Edinburgh, the Queen’s University Belfast, the Harvard-Smithsonian Center
for Astrophysics, the Las Cumbres Observatory Global Telescope Network
Incorporated, the National Central University of Taiwan, the Space Telescope
Science Institute, the National Aeronautics and Space Administration under
Grant No. NNX08AR22G issued through the Planetary Science Division of the
NASA Science Mission Directorate, the National Science Foundation Grant
No. AST-1238877, the University of Maryland, Eotvos Lorand University
(ELTE), the Los Alamos National Laboratory, and the Gordon and Betty Moore
Foundation.
This publication makes use of data products from the Two Micron All Sky
Survey, which is a joint project of the University of Massachusetts and the
Infrared Processing and Analysis Center/California Institute of Technology,
funded by the National Aeronautics and Space Administration and the National
Science Foundation.
NOAO is operated by the Association of Universities for Research in Astronomy
(AURA) under a cooperative agreement with the National Science Foundation.
Database access and other data services are provided by the NOAO Data Lab.
This project used data obtained with the Dark Energy Camera (DECam), which
was constructed by the Dark Energy Survey (DES) collaboration. Funding for
the DES Projects has been provided by the U.S. Department of Energy, the U.S.
National Science Foundation, the Ministry of Science and Education of Spain,
the Science and Technology Facilities Council of the United Kingdom, the

10 https://doi.org/10.7910/DVN/07L7YZ

Article number, page 6 of 16

Figure 2: Two methods of assessing distances to nearby dust clumps compared: one method
uses VLBI parallaxes, mainly to masers, and the other employs Gaia DR2 data. The distance
assessments for the two methods agree within ≤ 10% for distances ranging from 100 pc to
2.5 kpc with a negligible offset. From [30], reproduced with permission ©ESO.

2.5 million objects within 200 pc measured by Hipparcos [18]. Astrometric parallaxes give an enormous
improvement in the quality of distance assessments over ground-based surveys, which are largely forced
to rely on photometric methods, and the precision of the distance assessments [25], and the completeness
of the stellar samples [28], with Gaia DR2 are extremely high. It is possible, e.g., to select a data sample
of some 14 million stars within 3 kpc of the Sun’s location with an average relative parallax error of
less than 10% [29]. As a separate example, we compare two distance assessment methods to local dust
clouds — one uses Gaia parallaxes and the other uses parallaxes of masers measured by the VLBI —
and show the result in Fig. 2.

Through these studies our perspective of the MW has shifted: its mass distribution is neither
that of an isolated system, nor is it in steady state. These outcomes are at odds with long-standing
theoretical assumptions. Although the time scales associated with these changes are long, their impacts
are appreciable nonetheless, giving us the opportunity to study the MW as it responds to external
forces, and yielding new probes of its particle dark matter. To set the stage for later discussions,
we open in Sec. 2 with a perspective on the theoretical framework for the matter distribution in our
Galaxy prior to these discoveries. We review the distribution function formalism for both visible and
dark matter, noting the so-called standard halo model (SHM) [31] employed in dark matter direct
detection experiments and observational evidence for its limitations, before turning to recap the cold
dark matter (CDM) paradigm, noting its long-standing small scale problems [32, 33, 17] and limited
relaxation mechanisms.
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We then turn, in Sec. 3, to a brief summary of the gross features of the MW as they are known thus
far. We provide current best values of the MW mass, size and shape; and we list important components
of the MW, survey its known rotation curve, and provide insights into the environment in which it is
situated. We refer the interested reader to earlier, extensive reviews [1, 34] for extended discussion of
earlier results and historical context.

Beginning in Sec. 4 we turn to smaller scale features of the MW. We describe the Magellanic clouds,
satellite galaxies, stellar streams, and patterns in MW stars and how they probe the structure of the
MW. The purpose of Sec. 4 is to give a current inventory of the constituent parts of the MW, and to
describe how to harness their unique characters to extract information about the nature of the MW
halo. In Sec. 5 we describe how, and in what manner, such systems constrain DM particle properties.
We start this section with an overview of the implications of the hierarchical nature of the assembly
of DM halos for the MW. We use this as an entry point to discuss specific models of dark matter in
more detail. We start with dark sectors that are characterized by their kinematics rather than by other
microphysical aspects. We then move to a handful of other dark sectors, each of which has a qualitatively
different galactic-scale phenomenology. Finally in Sec. 6 we look at these same systems for the manner
in which they reveal non-isolating and non-steady-state effects. In Sec. 7, we consider how these newly
established effects impact the assessment of the local DM density and velocity distribution, important
to DM direct detection experiments, and we conclude our review in Sec. 8, offering an assessment of
future discovery prospects.

2 Past as Prologue

In this section we note how the theory of the matter distribution in the MW emerges from kinetic
theory, along with its commonly employed assumptions, to set the stage for our discussion of recent
discoveries and their implications. The one-body density of a system of N particles in six-dimensional
phase space is determined by [35]

f1(p,q, t) =

〈
N∑
i=1

δ(3)(p− pi)δ
(3)(q− qi)

〉
, (1)

where the average is over the full phase space density ρ(p1,p2, . . . ,pN ,q1,q2, . . . ,qN , t). Liouville’s
theorem tells us that the full phase-space density behaves as an incompressible fluid, so that

dρ

dt
=
∂ρ

∂t
+ {ρ,H} = 0 , (2)

where the curly brackets denote a Poisson bracket. Upon adopting a Hamiltonian H with pairwise
forces, this yields the Bogoliubov, Born, Green, Kirkwood, and Yvon (BBGKY) hierarchy, relating the
time-evolution of the s-body density to the (s+ 1)-body density. If a is the range of the two-body force
and n = N/V , the BBGKY hierarchy collapses to a equation in f1 only if either the system is dilute
and/or has short-range forces, na3 � 1, or it is dense and/or has long-range forces, na3 � 1. The former
limit yields the Boltzmann equation and can be used to model nuclear heavy-ion collisions [36, 37]. The
latter limit, if we let fs ∝ (f1)s so that the particles are uncorrelated, yields the Vlasov, or collisionless
Boltzmann, equation [

∂

∂t
+

p

m
· ∂
∂q
− ∂Ueff

∂q
· ∂
∂p

]
f1(p,q, t) = 0 , (3)

where Ueff is the effective potential, and is apropos to galactic dynamics [38].
In this review we focus on the mass distribution of the MW, considering both its visible and dark

matter.We particularly focus on the component of its visible matter in stars, its dominant component
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away from the Galactic midplane2. To go from f1(p,q, t) for a N particle system in the na3 � 1
limit to a description of the Galactic matter distribution requires further assumptions [38]: (i) that the
long-range nature of the gravitational forces allows us to segue from a N -particle system to a fluid with
some total mass and (ii) that the birth and death of stars have negligible impact. We have already
neglected both collisions, which is supported by estimated stellar relaxation times that exceed the age of
the Universe, and correlations. Neglecting the finite stellar lifetime also incurs some errors, because the
force on a star from neighboring stars is attractive, but this force is far less than that from a distant but
much more massive matter distribution, because of the long-range nature of the gravitational force: in
a system of uniform mass density the most distant members of an ensemble dominates the gravitational
force on any given point [38]. Thus the physics that allows us to replace a collection of stars with a
smooth mass distribution also allows us to neglect correlations. With this we replace f1(p,q, t) with
the smooth distribution function f(v,x, t). Introducing Φ as the gravitational potential per unit mass,
the Vlasov equation takes the form [38][

∂

∂t
+ v · ∂

∂x
− ∂Φ

∂x
· ∂
∂v

]
f(v,x, t) = 0 . (4)

This is to be solved simultaneously with Poisson’s equation, relating the gravitational potential per
mass to the mass density:

∇2Φ = 4πGρ , (5)

where ρ(x, t) = M
∫
d3vf(v,x, t) and M is the total mass of the system. Isolated, steady-state systems

have distribution functions that correspond to equilibrium solutions of this system of equations. In
what follows we develop this connection explicitly.

We emphasize that we have chosen a nonrelativistic normalization such that f(v,x, t) has mass
dimension 3 in the “natural units” familiar to a high-energy particle physicist. At risk of ambiguity, but
following convention, we will use a similar notation for the distribution function after we have projected
out the spatial component, such that f(v, t) =

∫
d3xf(v,x, t) is dimensionless in natural units, or has

units (velocity)−3 more generally. We show explicit examples of steady-state f(v) in the MW in Sec. 7.

2.1 Mass Distribution of a Static, Isolated Galaxy — and its Symmetries

We expect an isolated system in steady state to be characterized by integrals of motion; we also suppose
it to be self-gravitating and of finite mass. An integral of motion I of interest to us is referenced to
stellar orbits, so that I(x(t),v(t)) is constant for a given orbit. We thus focus on isolating integrals [38].
As long established, if I is such an integral of motion, it is also a solution of the steady-state Vlasov
equation, and indeed — as per Jeans theorem — any steady-state solution of that equation can be
expressed in terms of the system’s integrals of motion, or functions thereof [39]. The particular integrals
that appear depend on the symmetries of the system. Noether’s theorem guarantees the existence of a
conserved quantity for each continuous symmetry [40]. For example, if H is time-independent, making
it invariant under translations in time, then the system’s energy E will be an integral of motion and
f(E). Similarly if the system is also spherically symmetric, so that it is invariant under rotations, then
the orbital angular momentum L is also an integral of motion and f(E,L); if it is axially symmetric
about the ẑ-axis, Lz is an integral of motion and f(E,Lz) instead.

There has been much discussion of whether the converse of Noether’s theorem could also hold, with
explicit counterexamples in well-known textbooks of classical mechanics [41, 42] showing that it does
not. These counterexamples concern systems in which invariant quantities exist for which there are

2At the Galactic midplane, the volume density of the interstellar medium, comprised of atomic and molecular hydrogen,
ionized gas, and dust, is thought to exceed that of stars by about 50% [38], but gas and dust are very much localized to
the mid-plane region.
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no associated continuous symmetries. Our interest here, however, is in integrals of motions that are
invariant along stellar orbits. In this case, Noether’s theorem and its converse are both guaranteed,
where we refer to Theorem 5.58 of Olver [43]. Thus if Lz is an integral of motion, then the associated
matter distribution is axially symmetric; also if L is an integral of motion, then the associated matter
distribution is spherically symmetric. Thus a failure of axial symmetry speaks to failure of Lz as an
integral of motion [44]. Along related lines, we note that, as an extension of Lichtenstein’s theorem [45]
in fluid mechanics, an isolated, static, self-gravitating, ergodic3 stellar systems has been shown to be
spherically symmetric [38], though this can also be shown without reference to fluid mechanics, where
we refer to [46] for an extended discussion and further references. If the density distribution associated
with f(E) is spherical, then f(E) is non-negative as well, as expected on physical grounds, though the
Eddington formula for f(E) does not in itself guarantee it [38]. As a further consequence, Noether’s
theorem says that L must be an integral of motion as well, yielding f(E,L). Consequently f(E,L)
is non-negative as well. Finally, if the distribution function of an isolated, static system is axially
symmetric, so that it takes the form f(E,Lz), then it is also reflection or north-south symmetric [46],
where we note [47] as well for a slightly less general proof, so that it is symmetric under z → 2z0 − z
with z0 the center of the galactic mid-plane. We discuss observational probes of these symmetries and
the implications of the pattern of their breaking in Sec. 6.

The modeling of the Galaxy is commonly realized through a superposition of its disk, bulge, bar,
and halo components [48, 49], with each component modelled by a distribution function fi [38] in steady
state. Although E is an integral of motion, it is more useful to choose the action integrals JR, Jφ, and
Jz as its arguments [50], where R, φ, and z are the (in-plane) radial, azimuthal, and vertical coordinates
with respect to the plane of the Galactic disk. For reference Jφ is the angular momentum about the
symmetry axis ẑ of an axisymmetric disk. We note that f(J) modeling gives a very good description of
the velocity distributions observed by the RAVE survey [51, 52], and we show the comparison of data
versus model in Fig. 3. Although we see that f(J) modeling can work very well, it is a Jeans-theorem-
based analysis, and it contains all of the underlying assumptions we have noted. We discuss evidence
for the breaking of these assumptions, noting the context in which they occur, in Sec. 6.

2.2 The Galactic Dark Matter Halo

A galactic dark matter halo can be described within the distribution function framework we have just
detailed. Its distribution function is poorly known, even in our own Galaxy, simply because the only es-
tablished dark matter interactions are gravitational. Yet the possibility of the direct detection of particle
dark matter through its elastic scattering with nuclear targets [53] in highly sensitive, low-background
underground experiments [54, 55] has stimulated keen interest in the physics and characteristics of the
Galactic data matter halo. Indeed, such information is essential to translating the outcomes of a dark
matter direct detection experiment to limits on a dark matter candidate’s mass and nuclear cross sec-
tion [56, 57]. In what follows we consider the particular Galactic inputs needed at the Sun’s location,
noting that the local effects from dark matter capture on the solar system have been determined to be
small [58, 59].

In a typical dark matter direct detection experiment the nuclear recoil energy E and possibly its
direction Ω, in some coordinate system, would be detected. This is possible if the candidate particle’s
mass is in the range of roughly 10-100 GeV, as expected for the long popular weakly-interacting massive
particle, or WIMP, dark matter candidate [60]. More recently, the idea of measuring electronic recoils
to probe dark matter candidates in the sub-GeV mass range [61, 62, 63, 64, 65, 66, 67, 68, 69, 70,
71, 72, 73] in scattering experiments has been developed; the interpretation of such experiments also
requires astrophysical information on dark matter [74]. In what follows we focus on dark matter-nuclear

3An ergodic distribution function f(E) uniformly samples its energy surface in phase space [38].
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Figure 1. Velocity distributions of red dwarfs from the RAVE survey (black points) compared
to predictions (red) of DFs fitted to data from the GCS survey. The top row shows histograms
for VR and Vz at ∼ R0 near the plane (left two panels) and at |z| ∼ 0.35 kpc. The lower row
shows Vφ distributions at distances from the plane that increase from left to right with the
furthest bin centre at 0.51 kpc.

Figure 2. Distributions of Vφ a locations near the plane and radii R = 6, 7.6 and 8.8 kpc from
RVS data (black) and the predictions of a fully self-consistent model for bin centres (red). The
peaks of the histograms are determined by the circular-speed curve of the recovered potential
shown in Fig. 3.

3. Examples of f(J) modelling

3.1. Our Galaxy

Binney (2012b) fitted quasi-isothermal DFs for the thin and thick discs to data from the
Geneva-Copenhagen survey (Nordström et al. 2004; Holmberg et al. 2009). In figures like
Fig. 1, Binney et al. (2014) compared the predictions of these DFs to the newly available
data from the RAVE survey (Zwitter et al. 2008). The agreement between data (black)
and prediction (red) is spectacular. The parabolas in the two panels at top left show
Gaussian distributions and one sees that the model reproduces the non-Gaussianity of
the data, just as it reproduces the skewness of the Vφ distributions shown in the lower
panels.
In work prior to 2015 the dark halo was specified by a density distribution rather than

a DF. Piffl et al. (2015) opened a new chapter by specifying the dark halo through its
DF, and Binney & Piffl (2015) fitted such a model to data from several sources, including
RAVE and terminal velocities from HI and CO observations. The heterogeneous nature
of their data and limitations of the software available to them made the fitting process
tortuous and costly. Gaia DR2 data now extend over a sufficiently large radial range that
one can dispense with terminal velocities and determine the structure of the dark halo
from stars alone. Fig. 2 shows an example: the black histograms are velocity distributions
from the RVS sample in DR2 binned in real space using the distances of Schönrich et al.

Figure 3: Comparisons of the velocity distributions from f(J) modeling fitted to data from
the CGS survey (red points) with those of red dwarfs from the RAVE survey (black points).
The top row shows velocity components VR, Vz near the Sun’s location and the Galactic
mid-plane (left two panels) and at |z| ∼ 0.35 kpc. The lower row shows Vφ distributions
at increasing heights from the plane, from left to right, with the furthest bin centered on
0.51 kpc. From [52].

interactions, though our considerations largely generalize to the case of electronic recoils as well — we
refer to [75] for a discussion of new features resulting from atomic excitations. We also note [76] for a
review of nuclear and hadron physics issues in the evaluation of the cross section for dark-matter-nuclear
scattering and to [77] for a review of how these experiments, taken en masse, constrain dark matter
models. We also note [78] for a discussion of astrophysical issues pertinent to the interpretation of an
annual modulation signal.

If the scattering of dark matter and nuclear target were simply elastic, as usually assumed, then
information on the local dark matter density and velocity distribution would suffice to interpret the
results [57]. In particular, an integral over the lab frame dark-matter velocity distribution flab(v, t)
involving

vmin =

(
EMA

2µ2
χA

)1/2

(6)

would be required, where MA and µχA are the nuclear and reduced masses, respectively; and the
integral is computed up to the escape velocity. Potentially, too, the directional information such an
experiment can provide is not only a sensitive discriminant of dark matter models [79], but it can also
yield constraints on the dark matter velocity distribution [80]. In the event that the recoil direction is
not detected, the integral is simply some function of vmin, but it is also time dependent, because the
Earth’s velocity with respect to the Galactic rest frame is time dependent. This last velocity is relatively
well-known, and, assuming that the local standard of rest coincides with the rotational standard of rest,
it is fixed by the vector sum of the local circular speed, the peculiar velocity of the Sun with respect
to the rest frame of Galactic rotation, and the velocity of the Earth about the Sun. Nevertheless, the
underlying dark matter velocity distribution is not well-known, nor is its needed integral, which we
term g(vmin, t). We note in passing if the scattering were inelastic [81, 82], as possible if the particle
were composite [83, 84, 85, 86], though this is not required, then the nuclear response to the dark
matter probe is also involved [87, 88], complicating the connection between the experimental outcomes,
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the dark matter astrophysical inputs, and the desired dark matter constraints. The use of effective
field theory for dark matter-nuclear scattering shows that additional currents could also mediate the
effect [89, 87, 88], impacting the determination of DM parameters [90].

There has been much discussion of strategies to eliminate the ill-known function g(vmin), given
studies with different nuclear targets and an assumption of elastic scattering [91], or simply of how a
combined analysis could be made [92], though the former appears to require that a signal is observed
in one nuclear target first [91].

Given these uncertainties, all direct detection experiments assume the SHM [31] in order to put
their results on the same footing. Thus the assumed distribution function is in steady-state and is that
of an isotropic, isothermal sphere, so that its velocity distribution is of Maxwell-Boltzmann form4

f(v) ∝ exp

(
− v

2

σ2
v

)
. (7)

If the DM density has a radial profile ρ(r) ∝ 1/r2, then the circular speed of the DM has a radial
dependence vc ∼ 1/

√
r[38]. Extensive evidence now exists to suggest that the SHM is not realistic

on several counts. Chief among the ways that the DM halo is believed to depart from isotropy and
isothermality are that: (i) its shape is not spherical; (ii) its velocity-distribution is somewhat modified
by these shape effects, and its high velocity tail, pertinent to searches for lighter mass WIMP candidates,
may be modified by Galactic evolution, such as debris flow effects [94, 95]; (iii) its mass distribution,
particularly in smaller mass halos, is a matter of debate; and (iv) the Galaxy itself is not in steady
state. We address the first two points briefly here, consider point (iii) in the next section, and reserve
that of (iv) and its broader consequences to Sec. 6. We delve into the implications of these refinements
for the local dark matter density and velocity distribution in Sec. 7.

Fully accounting for all of these noted effects would take us beyond the framework we have outlined
in Sec. 2.1, though it is worth emphasizing that the SHM can already be probed and refined within
its scope in a data-driven way. It has, after all, a number of simplifying assumptions. We refer to
Green [57] for an extended discussion. For example, if spherical symmetry is assumed, the structure of
the dark halo can be determined from the stars alone [96], in that the circular speed with Galactocentric
radius r inferred from the effective Galactic potential, reconstructed from astrometric measurements of
stars with Gaia DR2 data, is compatible with the circular speed directly measured with Cepheids [97].

We now turn to a discussion of the points we have outlined. The shape of the Galactic halo is
not well-known, but it can be constrained though observations of stars and/or HI gas [98]. There is
considerable evidence, of long standing, for distortions in the Galactic disk, as it is both warped and
flared in HI gas [99, 100] and in stars [101, 102]. Striking evidence for the latter has emerged recently
from three-dimensional maps of samples of 1339 and 2431 Cepheids, respectively [103, 104]. Galactic
warps have been thought to have a dynamical origin, appearing and disappearing on time scales short
compared to the age of the universe, due to interactions with the halo and its satellites [105, 106], though
it has also been suggested that the warp in HI gas is due to the presence of the Large Magellanic Cloud
(LMC) [107]. We refer to Sec. 3.2 for further discussion of the current status and to Sec. 6 for a broader
discussion of non-steady-state effects in the MW and its origins.

The velocity ellipsoid [108] and DM distribution [109] are not spherical either, with the evidence
favoring a prolate matter distribution. Studies of flaring HI gas in the outer galaxy also support a
prolate DM distribution [110]; these authors note that a prolate halo can support long-lived warps
[111], which would help to explain why they are commonly seen [110]. It has also been suggested that
some of these features could arise from a dynamically active disk [112] in isolation.

The Galactic velocity distribution can also be impacted by the tidal disruption of dark matter

4In a galaxy, a velocity distribution may be of Maxwell-Boltzmann form, but this does not imply that equipartition
(or the usual results of equilibrium statistical mechanics) apply [93].
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subhaloes5, and the resulting debris flow can also impact the high velocity tail of the dark matter
distribution, as studied in the context of the via Lactea II simulation [94, 95]. A broader issue is the
impact of Galactic evolution on the survival and evolution of CDM substructure [113] itself, and we
turn to this in the next section.

2.3 The Cold Dark Matter Paradigm

The extreme uniformity of the observed cosmic microwave background suggests that the early universe
was nearly homogeneous and isotropic. This initial state can be realized through a yet earlier inflationary
epoch [114]. The quantum field sourcing this inflationary epoch was beset by fluctuations, as all such
fields are [115, 116, 117]. These fluctuations manifested as perturbations to the overall density field
ρ(x), which grew with time into large-scale structures, such as galaxies.

Defining the overdensity δ(x) as the fractional density difference from the mean ρ0, determined over a
volume for which the universe appears homogeneous, it is apparent that the overdensities at two nearby
points may be correlated. The power spectrum P(k) of these correlations is the Fourier transform of
that correlation function. With δk =

∫
V
d3x δ(x) exp(−ik · x), we have P(k) ≡ 〈|δk|2〉/V . Then P

depends only on the scalar wavenumber k, because the universe is isotropic. In the CDM model [118],
the supposed power spectrum P(k) ∝ k, due to Harrison [119] and Zeldovich [120], is scale invariant,
meaning that the gravitational potential associated with a root-mean-square (RMS) fluctuation at scale
k is independent of k [38], thus sidestepping the problem that the fluctuations might prove to be too
large at either large or small scales [120].

It was quickly realized that this model would engender an inside-out growth of structure [121,
122], as consistent with the observation of galaxies at large z, with interesting implications at galactic
scales [123]. It had also been realized that the size and mass of spiral galaxies should be much larger than
once thought [124, 125, 126] and that the bulk of that mass would be dark. Thus, N -body numerical
simulations should prove powerful probes of the CDM distribution and evolution [127]. Moreover, in
order to test the CDM paradigm, it is essential to test whether this supposed scale-free hierarchy is
actually reflected in the data. The evolution of structure with scale k and redshift z is encapsulated by
the transfer function

T 2(k) ≡ R(k, z = 0)

R(0, z = 0)
, (8)

where R(k, z) ≡ 〈δ2
k〉|z/〈δ2

k〉|z→∞ and the power spectrum in the linear regime is given by

P(k) ∝ T 2(k)Pprim(k) (9)

where the primordial power spectrum Pprim(k) is also taken to be scale invariant, and thus of Harrison-
Zeldovich form.

A comparison across a wide range of physical scales between the linear structure formation prediction
assuming a CDM model with inflation and recent observational data is shown in Fig. 4. The data in this
figure is evidently well-described by the linear theory prediction derived from the best-fit Planck 2018
parameters [3]. This is true even at high-k, corresponding to (relatively) small length scales, since even
the low-z, high-k measurements of the Ly-α forest probe the possibility of overdensities in underdensities
[8]. However, a departure from linearity is necessarily anticipated at high matter densities and large
wavenumbers [118, 129, 130, 131]. Ab initio cosmological calculations in the effective theory of large
scale structure can probe mildly nonlinear scales [132], but remain limited to scales larger than roughly
20 Mpc [133, 134]. Thus, the MW is part of the small-scale frontier in which we hunt departures from

5A halo that orbits inside a larger halo is a subhalo. Subhalos are a qualitative prediction of the hierarchical nature of
galaxy formation, as we discuss in more detail in Sec. 4.
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Figure 4: Upper panel: The measured matter power spectrum compared to the prediction of
the best-fit Planck 2018 cosmology [3] (solid) and an example prediction of a nonlinear power
spectrum (dashed). Large wavenumbers correspond to small physical distances, L ' 2π/k.
Lower panel: Deviation of the matter power spectrum ∆P from the Planck model, scaled
by k1.2. The MW probes the nonlinear, high-k regime. From [128].

the CDM paradigm. Studies of the MW are squarely in the nonlinear regime, and comparisons to
numerical simulations of cosmological structure necessarily play a key role.

For this reason, we turn to the study of the cold matter structure from N -body simulations, and
comparison to observations, to determine whether indeed there is small scale structure without end.
This issue has incurred much discussion. Some N -body numerical simulations show that large fractions
of dark matter subhaloes undergo complete disruption, prompting the question as to whether the origin
of this effect is physical, arising from tidal heating and stripping, or is a numerical artifact. This issue
has been recently been studied carefully by van den Bosch and collaborators [113, 135], and they find
that the destruction of CDM subhaloes in the absence of baryonic effects is extremely rare. They
identify a number of numerical effects that could yield numerical overmerging, driven by resolution
limitations and finite system size. Moreover, it appears that dark matter substructure survives Galactic
evolution up to the current epoch [136, 137]. This puts in context the current lack of consensus as to
why subhalo destruction happens at all. Certainly, however, some measure of disruption, from tidal
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interactions, generating gravitational heating, is expected, and this should be revealed by the formation
of tidal tails in self-gravitating subhaloes and in their perturbations.

A separate point of interest is the matter distribution, which reflects d3v f in the DF framework.
Thus we are considering a steady-state configuration — the result of the relaxation processes we describe
later in this section — and we term this a halo. Studies of the luminosity distribution of elliptical galaxies
are well-described by a two-power density model [38], and it is natural to consider a similar model of
the DM distribution as well. Indeed, the well-known Navarro, Frenk, and White (NFW) model [138]

ρ(r) =
ρ0

(r/a)(1 + r/a)2
(10)

is a specific case of just such a form. Although ρ0 and a would appear to be free parameters, the
numerical simulations of [139] reveal them to be strongly correlated, so that Eq. (10) can be regarded
as a one-parameter family of shapes. That remaining parameter can be fixed by choosing a maximum
radius. A conventional choice is r200, the radius at which the mean density is 200 times the critical
density ρc

6, where ρc(t) = 3H2(t)/8πG; we discuss this choice in more detail below. The concentration
c of the halo is given by c = r200/a, and the simulations of [139] show little sensitivity to its value —
the total mass enclosed within r200 can vary by powers of ten, yet c changes by no more than a factor of
a few. The NFW model is “cuspy” because ρ(r) diverges in the r → 0; it also potentially suffers from
a logarithmic divergence of its total mass at large radii, though this divergence is in practice cutoff by
choice of a maximum radius such as r200 mentioned above. Remarkably, Navarro, Frenk, and White have
determined that the form of Eq. (10), if applied to a primary halo, appears to be universal [140, 141],
with few exceptions [142], describing systems differing by over 20 orders of magnitude in mass [143].

The density profiles of subhaloes, in contrast, are more typically described by a single-power-law
form, with a cutoff at larger distance, engendered by tidal effects from the host halo [144]. A diversity
of subhalo profiles have been observed, as reviewed by [145], with evidence for both cuspy and cored
profiles and much corresponding debate as to their differing origin.

Returning to the profiles of primary haloes, we note that the origin of the observed universal behavior
is not well understood. For example, numerical studies have shown that NFW profiles emerge even if
the initial power spectrum P(k) is set to zero above some k = K [146, 147]. Thus a cuspy profile in
this case cannot arise as a relic of an initial condition; rather, dynamics must insure the effect. A halo
is the outcome of the violent relaxation of a phase of initial gravitational collapse, to yield a system
to which the virial theorem applies; this process is sometimes called virialization — and thus this is
what must act, regardless of initial condition, to yield the NFW form. We note that a virial analysis
suggests that r200 is crudely the radius over which the halo is in virial equilibrium, making it the virial
radius7, with the mass beyond that radius being apparently in first infall [38]. This rationalizes its two
power-law form. We refer to [148] for further thoughts on its origin.

2.3.1 Small-Scale Challenges

Although the CDM paradigm has been enormously successful in explaining the large-scale structure of
the Universe, small-scale challenges to it have slowly emerged as well [32, 33]. These are potentially
entrained with numerical challenges in simulating the number and structure of CDM subhaloes [113,
135, 136, 137]. There are observational challenges as well, though the ability to identify faint subhaloes
in the MW has greatly improved in recent years. In addition, the role of baryons in determining the
structure of subhaloes is still being clarified. Nevertheless, we may yet establish the limits of the CDM
paradigm by (i) determining whether there is indeed a deficient number of observed satellites with

6So-called because in a flat universe, Ω(t) ≡ ρ(t)/ρc(t) = 1 ∀ t.
7The mass associated with the volume enclosed by the virial radius is the halo mass. It is apparent that only a rough

assessment of a halo mass is possible.
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respect to the number expected, (ii) determining whether the structure of subhaloes is consistent with
their intrinsic luminosity, or by (iii) resolving whether the cores of subhaloes are cored or cusped. These
are known as the “missing satellites”, “too big to fail”, and “core-versus-cusp” problems, respectively.
It has been suggested that the missing satellites problem has been solved [149], yet a complete consensus
has not been reached — see, e.g., the “Dark Matter” review of [150] — and we refer to the review of [17]
for a detailed discussion. In Sec. 4 we consider small-scale DM probes that would seem less sensitive to
baryon effects.

2.3.2 Relaxation Mechanisms

“Relaxation” encompasses the processes by which a system can approach equilibrium — that is, how
it can approach a steady state. We emphasize that a galaxy can attain dynamical equilibrium, but
not thermodynamic equilibrium, because there is no maximum entropy state in this case [38]. We have
already noted how the collisionless Boltzmann equation, along with the Poisson equation, governs the
construction of the static galactic distribution function. This is possible, in part, because the stellar
relaxation time, mediated by the diffusion of a star through two-body collisions — in contrast to its
evolution in the smooth mass field of the Galaxy — is exceptionally long. That is, the time scale for
the star to change its speed v by that same amount is estimated to be [38]

trelax ∼
0.1N

lnN
tcross , (11)

where the time for a star of speed v to cross the Galaxy is tcross ∼ RG/v, and RG is its radius. Thus in our
Galaxy with N ∼ 1011 and of a few hundred tcross in age [38], the two-body relaxation time is absurdly
long, as noted long ago by Zwicky [151, 93], and we must look to other processes to determine how a
system with gravitational interactions can evolve with time. Otherwise we would have the conundrum
of having to explain how a galaxy might form very close to the state in which we observe it today.

We note three basic mechanisms by which a N -body gravitational system can evolve to a steady
state [38, 152, 153, 38]: phase mixing, violent relaxation, and chaotic mixing. Only the last leads
to irreversibility, through its extreme sensitivity to the system’s initial conditions. In all cases the
collisionless Boltzmann equation applies, so that Liouville’s theorem holds — but only if we resolve the
fine-grained phase-space structure and consider populated orbits. In violent relaxation, the potential
is time-dependent, as in the example of gravitational collapse, so that the energy is not a constant of
motion. Thus the distribution function is not static, but df/dt = 0 still applies. We contrast chaotic
mixing and phase mixing in that the orbits in the former case are stochastic rather than regular, so
that over time two orbits that were initially close in phase space separate exponentially with time.
Nevertheless, the mechanism by which the N -body gravitational system can relax is common in all
cases. That is, the population of orbits in phase space spreads out with time, even if Liouville’s
theorem requires that the total volume of phase space remains constant. Viewed broadly, after some
time, a fixed region of phase space will contain both occupied and unoccupied regions. If we define a
coarse-grained distribution function, f̄ , blurring the occupied and unoccupied regions, we can realize
f̄ < f and thus relax to a higher entropy state. Even in the case of regular orbits, the time scale of this
process can be rather smaller than the age of the Galaxy, allowing it to evolve from its initial state.
Whether visible and dark matter evolve to a similarly coarse-grained distribution function is a matter
of assumption [153].

We conclude this section by emphasizing that the paths by which a N -body gravitational system
can achieve steady-state are limited. This stands in stark contrast to systems in which inelastic or
dissipative processes are present. We refer to [154] for just such an exemplar dark matter study. More
generally, studies of the global population of dark matter in phase space, to identify, e.g., a dark disk in
the MW [155, 156], can serve to anchor novel features of the dark universe. We consider this in greater
detail in Sec. 5.
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3 Targeted Review of Parameters of the Milky Way

Early parameterizations of our home MW were simplified due to the limitations of the available data.
Infrared and microwave studies able to penetrate the dust obscuration at low latitudes in the disk and
toward the Galactic center in the 1990s improved our overview significantly [157]. Most recently, the
Gaia dataset with accurate parallax-based distance and proper motion information has again enormously
improved the breadth and depth of our knowledge of the MW. Studies of motions and densities of stellar
streams, satellite dwarf galaxies and globular clusters in the Galactic halo have served as probes of the
Galactic potential, presumably dominated by a DM component.

The overall picture of our MW remains one of a pair of stellar disks, thin and thick [158], surrounded
by a massive dark halo of uncertain extent, shape, orientation, and clumpiness. Many details, however,
are beginning to be filled in: as one looks more closely, these reveal more structure on many scales
[159]. Moreover, systematic studies of the spatial distribution of stellar metallicities, i.e., a chemical
cartography, particularly in the ratio of the alpha chain elements to Fe [160, 161], shows dissection by
chemistry to be key to distinguishing the two disk components [161]. We discuss small-scale structures
in the ensuing sections, and focus here on the gross properties of the MW itself.

3.1 Milky Way Mass

The total mass of the MW, including its dark halo, is roughly 1012 times the mass of the Sun, denoted
M�, enclosed within a virial radius of ≈ 200 kpc [162]. Our best measures come from studies of the
orbits of satellites such as the LMC/SMC system [163] as well as studies of the distribution of standard
candles such as blue horizontal branch (BHB) stars and assuming they have come into approximate
equilibrium under the Jeans approximation [164]. That assumption of relaxed equilibrium is not true
in detail, and so overall the estimates for mass still come with rather hefty error bars of 30% to 50%
[162].

There are models for the distribution of non-dispersive DM on many scales from N-body simulations.
These generally find DM halos of galaxies well fit by a NFW [140] profile with inner slope ρ(r) ∼ r−1

and outer slope ρ(r) ∼ r−3, plus a central density and a concentration scale indicating a transition from
inner to outer slope, as in Eq. (10). Even simpler isothermal models of DM density ρ(r) ∼ r−2 are
reasonable fits to many halo simulations over a wide range of scales, but, of course, the total integrated
mass of an isothermal halo tends to infinity at large radius and so must be cut off by a steeper falloff
at large r. Studies of the stellar distribution in the outer parts of the Galaxy show a steeper-than-
NFW outer slope falloff, with ρ(r) ∼ r−4.5 for stars [165], and it is possible that the DM falls off more
quickly than the NFW profile predicts as well. In the inner parts of galaxies, while the NFW model
and all non-dissipative models of DM predict cuspy (α < 0) density spikes at small r where ρ(r) ∼ rα,
in fact, there is little observational evidence for any central cusps with slope as steep as α = −1 in
stellar density or in DM. Studies of velocities and densities of stars in the central regions of the MW’s
largest nearby satellites Fornax and Sculptor [166] show 0 > α > −0.5. Researchers [167] have shown
how baryonic dissipation can flatten out cuspy spikes in the center of galaxies and help understand
the relative paucity of observed satellites compared to numbers of DM clumps predicted in computer
simulations [168]. We note that the observations of the centers of galaxies and clusters to determine
the profile slope remains an exceedingly difficult measurement. In clusters with a central black hole,
[169] showed that the expected density profile near a central black hole would approach α ∼ −1.75.
In the dense cluster M15, thought to have an intermediate mass black hole, [170] have shown evidence
for some cuspiness in the stellar profile, though we stress that the number of stars in the very central
region is extremely small leading to large Poisson error on the inner density slope.
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3.2 Size and Shape

Where does the MW end? To a large extent, the answer to this question is a matter of definition. Various
proposals for the end of a dark matter halo include: comparisons against the background density at the
time that the halo separated from the Hubble flow [171], comparisons against the background density
at a floating redshift [172], and dynamical measures, such as the splashback radius [173]. The total
mass of a virialized NFW halo depends logarithmically with the maximum distance, noting Eq. (10), is

MNFW =

∫ Rmax

0

d3rρNFW = 4πρ0a
3

[
ln(1 + Rmax/a)− Rmax

a+Rmax

]
. (12)

Thus, dMNFW/dRmax ∝ Rmax/(Rmax +a)2, so that for Rmax ' 10a choices of how to truncate the Milky
Way halo can affect its estimated mass at the ∼ O(10)% level.

The DM halo of our MW extends to at least 50 kpc as the orbits of the LMC/SMC are clearly
strongly affected by it. The stars and gas of the LMC/SMC and its associated DM appear to be on
their first orbital pass around the MW [174, 175]. The details of the orbit and distribution of gaseous
and stellar tidal tails shows strong evidence for tidal friction and an alteration in the semi-major axis
of the combined MW — LMC/SMC system orbit, which provides evidence for drag from the DM halos
of the two systems slowly drawing closer together [174]. Beyond 50 kpc, tracers are rare, though the
dwarf galaxy Draco at 80 kpc from the MW does show a flattened stellar distribution, which could be
a sign of either tidal influence of the MW at 80 kpc or evidence for having its own DM halo. Recent
work suggests the latter, as no evidence of tidal stripping of Draco stars is seen [176]. In contrast,
nearly every dwarf satellite companion that approaches within 20 kpc of the MW center appears to
have strong evidence for tidal distortion and in many cases stars from the satellite object are stretched
into an elongated stream by tidal interaction with the MW and its DM halo [177].

We conclude that the influence of DM is strong in the halo of the MW out to at least 50 kpc, but
appears to diminish significantly at radii greater than 80 to 100 kpc. Our nearest large spiral neighbor,
Andromeda, which is & 700 kpc distant from the MW [178], has its own complex system of tidal
streams and associated dwarfs, and has its own dark halo of uncertain extent [179]. Both the MW and
Andromeda’s dark halos likely extend out to beyond 200 kpc from their respective centers with density
decreasing at the NFW outer slope of −3 or steeper. The extent to which the halos overlap in between
or can be said to be a common halo is uncertain. The currently favored CDM hierarchical structure
formation scenario — with build up of structure from smaller clumps densities to larger — suggests
that the halos began well separated. Their overlap is increasing over time and they will completely
merge a few billion years in the future. There are no known sufficiently luminous stars or other tracers
in between the two large spiral systems to map the DM distribution between them in detail. A problem
with using luminous tracers far out in the halo of the MW, beyond 100 kpc, is that the timescales for
completing an orbit or responding to dynamical friction effects approach or exceed the Hubble time,
τH ≡ cH−1

0 ' TUniv ' 1010 yr. For this reason it becomes difficult to distinguish systems in equilibrium
or which have relaxed from those that are just forming or interacting for the first time.

3.3 Components

The shape of the MW thin and thick stellar disks is clear. The more massive thin disk has an exponential
distribution in radius with scale length of over 3 kpc and an exponential falloff in vertical (|Z|) scale
height of 300 pc. These quantities refer to the 1/e fall-off in the directions parallel and perpendicular
to the plane of the disk, respectively. It is strongly dissipated and rotates at about 220 km/s at a
radius of about 8kpc from the Galactic Center, the radius at which the Sun orbits (another estimate of
mass). We discuss precision determinations of these parameters later. Such thin disks are unstable to
clumping and strong bar formation [152], and thus the existence of only a weak bar in the MW (and
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other so-called Grand Design spiral galaxies) was early evidence for a supporting massive dark halo
[180] surrounding each spiral galaxy. In addition to the thin disk, the MW has a chemically distinct
thick disk, which consists of stars with alpha peak element metallicity about 2x higher ([α/Fe] ≈ 0.3
on a log base 10 scale) than in the thin disk [181]. This population of stars presumably comes from an
environment that has been enriched by the debris of remnants of exploded high-mass progenitor (type
II) supernovae.

Recent findings made possible in large part by Gaia satellite measurements point to a major, ap-
proximately face-on (as opposed to a prograde or retrograde infalling) merger of a massive (> 20% of
the MW’s mass) dwarf galaxy. This has been called the Gaia-Enceladus/Sausage event, and is esti-
mated to have occurred between 10 and 12 Gyr in the past [182, 183]. This event was gas rich and
is thought to have provided impetus for a significant epoch of higher-mass star formation. This may
have led to the high abundance of alpha-element rich stars of the thick disk. In addition, that event
disturbed and dynamically heated, primarily vertically, an existing proto-thin disk, explaining both the
larger scale height (0.8 kpc) and shorter scale length (2 kpc)of the thick disk compared with today’s
thin disk [184, 185]. Recent studies of the [α/Fe] composition of stars at a variety of Galactocentric
radii confirm the picture of a short scale length for the high-[α/Fe] thick disk, essentially ending just
beyond R0, and additionally find support for an extended, low-[α/Fe] thin disk, flared beyond R0, with
on-going star formation [186, 161].

The so-called asymmetric drift or lag of thick disk stars, which complete a rotation around the galaxy
at a slower pace than thin disk stars at similar radii from the Galactic center, can also be understood
as the result of this ancient massive merger. Mergers can lead to a partial cancellation of the existing
disk angular momentum, with some of the circular velocity of rotation of the thick disk becoming an
up-and-down vertical component of motion [38].

While the Gaia-Enceladus/Sausage event is accepted as the most significant merger that our Galaxy
has had in the past 10 Gyr, there is evidence for other substantial merger events, possibly in the much
more recent past [187], and for on-going interactions with our satellite neighbors. Determining the
predicted kinematic signature in the Galaxy’s disk or halo resulting from a close interaction with
a massive satellite such as Sagittarius [188, 189] is a subject of ongoing theoretical study, even if
Sagittarius is less massive [190] than once suggested [191]. Moreover, the LMC [192, 44, 193], with or
without Sagittarius [194], can influence the Milky Way, and studying their impacts remains an active
area of research. Also see Section 6.4 below.

In the outer reaches of the thin disk, beyond the solar radius at 8 kpc and extending to as far as 30
kpc, there is considerable evidence for warping, flaring, or more complex, corrugated disturbances in
the stars and gas as portrayed in Fig. 5 [195, 101, 196]. This is seen in both gas, via radio observations,
and in the visible motion of stars. As discussed below, this is indicative of a non-static potential [44],
which may be caused by recent interactions of our MW, in particular within the last Gyr, and ongoing.
The primary culprits behind these perturbations are the LMC/SMC system as well as the massive
Sagittarius dwarf system and its associated DM overdensities.

Until recently the shape of the halo was assumed to be spherical or slightly oblate or prolate,
with the halo axes lined up with the disk axes. Recent observations have updated this picture and
provided substantial additional detail. Though the outer stellar halo of the MW is oblate, flattened
with c/a = 0.8 [199] or flatter along the vertical axis, [200] found evidence for a prolate rather than
oblate DM dominated potential. N-body simulations of [201] found prolateness of dark halos to be a
common feature of large scale structure. Detailed fits to the Sagittarius stream data, however, found that
rotational symmetry about the ẑaxis did not hold [202] and in fact a triaxial halo, slightly misaligned,
was necessary to fit the data. More recent refinements to these fits by [192] found that the LMC/SMC
system and its accompanying DM was a major perturber of the MW’s disk and halo system. In fact, the
mass of the LMC/SMC system may approach 25% that of the MW, as reviewed in more detail below.
This renders a perturbative expansion to the dynamics poorly behaved, and requires more detailed 3-D
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Figure 5: Artist’s conception showing corrugated ripples in the MW’s disk [195, 101, 196]. The vertical
structure of the MW’s disk is not well characterized except quite close to the Sun, with evidence for
dynamical processes that couple vertical and planar motions [197, 198]. Credit: Dana Berry/Rensselaer
Polytechnic Institute

.

N -body simulations. A current view of the shape and orientation of our MW dark matter halo is of a
tri-axial or tilted axisymmetric MW DM halo. This halo is mis-aligned with the stellar disk and has
its long axis oriented in the direction of the LMC/SMC as shown in Fig. 6 [192, 44].

The “clumpiness” of the halo DM is very uncertain, and may be closely tied to the nature of
DM itself. Exploring the evidence for DM clustering on all scales from a few pc to a few kpc is an
observational endeavor of much current focus. Globular clusters on 10-50 pc scales and the solar system
on scales of 10−4pc do not appear to have any significant DM and have measured mass-to-light ratios
near unity (e.g. [203]) suggesting that all mass is accounted for by the visible starlight (or the Sun in
the case of the solar system, though evidence for dark matter may yet come from the outer reaches of
the solar system [204]). This is in contrast to dwarf galaxies on 500-1000 pc scales which clearly show
evidence for very significant DM halos and mass-to-light ratios that exceed 100 in the most extreme
cases [205]. The smallest scale on which DM is clumped may then lie somewhere in this 10 − 1000 pc
range.

3.4 Rotation Curve

More insight can be gained into the distribution of DM in and around the stellar disks by examining
our Galaxy’s rotation curve; namely, the velocity at which a star on a circular orbit in the plane of the
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Figure 6: Artist’s conception showing the relative tilt of the dark halo surrounding the MW in the
direction of the Large Magellanic Cloud system (lower left). The MW and Magellanic clouds are
separated by 50 kpc. Note that the halo actually extends well past 200 kpc in extent and is composed
of clumps of unknown lumpiness. The MW’s halo also completely envelopes the LMC/SMC and their
own smaller dark matter halo. Credit: Austin Hinkel/University of Kentucky.

thin disk a given distance from the Galactic center rotates. The GRAVITY collaboration’s observations
of the Galactic center have greatly improved the determination of the Sun-center distance [209]. This
information, in concert with Gaia DR2 data, as well as with other optical and infrared surveys, has
refined the rotation curve over the distance range 5 < R < 25 kpc, and yields Vc = 229.0± 0.2 km s−1,
with a systematic uncertainty of 3% [206], at the distance of the Sun to the Galactic Center of
R0 = 8.122 ± 0.0.031 kpc [209]. Recent improvement in the treatment of optical aberrations have
improved the agreement between their earlier results [209, 210] to yield R0 = 8.275 ± 0.034 kpc [211],
where we have combined statistical and systematic errors in quadrature throughout. For reference,
various other recent measurements and fits at R0 give Vc = 242 km s−1 [52], Vc = 233.6 ± 2.6 km s−1

[97], and Vc = 243± 8 km s−1 [207].

We compare in Fig. 7 the circular velocity curves obtained from the DF analysis based on f(J)
modeling and fits to data from the CGS survey, which also yields the comparison with RAVE data
shown in Fig. 3 [52], with direct determinations from observational data. In particular, we compare
with analyses using observations of red-clump giants with Gaia DR2 and APOGEE [206], which jointly
fits these data to the parameters of an NFW DM halo under the assumption of axial symmetry, and
observations of nearby Cepheid variable stars [97]. We also compare to a direct measurement of the
local acceleration of the solar system using the apparent proper motion of quasars from Gaia Early Data
Release 3 (EDR3) data [207], which yields fundamental Galactic parameters at the Sun’s location. For
the results of [206], we apply a 3% error bar at all radii. For the result of [97] we depict their linear
model including a prior on the Sun-center distance from [210], simultaneously varying within 1σ the
local value of Vc, the value of R0, and the value of dVc/dR. It is worth noting that the slopes of
the two observational analyses, over the region that they compare, are in good agreement with each
other, yielding −1.7 ± 0.1 ± 0.46 km s−1kpc−1 [206] and −1.41 ± 0.11 km s−1kpc−1 [97]. Each of these
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Figure 7: Circular speed Vc as a function of radius from the center of the MW, as determined from
f(J) modeling [52] and fits to measurements reported by [206, 97], as well as a value inferred from the
measurement of the solar system’s acceleration [207]. We include a constant 3% error bar on the entire
Vc curve of Eilers et al. [206], consistent with their systematic error assessment, and we simultaneously
vary the best fit parameters of the linear model of Mróz et al. [97] by 1σ. The spherically-aligned Jeans
Anisotropic Method of [208] gives a result intermediate to that of [97, 206].

assessments is at odds with older results that suggested the rotation curve would be flat, see, e.g., [212];
the local acceleration analysis of [207] finds a comparable value to the most recent results, but with a
much larger error, −2± 9 km s−1kpc−1 [207].

An accurate rotation curve is important to constraining the amount and distribution of DM at these
same radii near the Sun and in the outer parts of the disk. It is also pertinent to the assessment of
other parameters, such as the pattern speed of the Galactic bar. For example, using the assessment of
the Outer Lindblad Resonance (OLR) location from a distinct Gaia DR2 data sample [29], the rotation
curve information determines the bar pattern speed [213]. It is worth comparing the pattern speeds that
result from different rotation curve information. The rotation curve result to which we have referred
is much more precise than older studies [206]; for reference, we note earlier work which also employs
HI data [214], making it quite distinct. Here, although vc = 240 ± 6 km s−1 [214] is a bit bigger, the
determined local radial derivative is also more negative, so that although the Eilers et al. result [206]
gives 49.3±2.2kms−1kpc−1 for the pattern speed [213], the central value of the Huang et al. result [214]
evaluates to 50.7kms−1kpc−1, within 1σ of the more precise determination. Thus reasonable consistency
between the different rotation curve assessments exists.

The slope of the Galactic potential at a given radius translates directly to an estimate of the circular
speed of the disk at that radius and thus, by inverting the relation, the MW’s rotation curve is a
sensitive probe of changes in the Galactic potential and ultimately of the underlying mass distribution.
Recent estimates of the rotation curve from [206] can be closely compared with other data-based and
theoretically driven estimates [52] to challenge models containing such components as dark disks [215].
We shall have more to say about the implications of the interpretation of the rotation curve for our
understanding of the local density of dark matter in Sec. 7.

3.5 Environment

Within the local group of our MW, the LMC/SMC and Andromeda, many authors have remarked on
a plane of satellites which appears to defy random infall of gas and dwarf galaxy satellites over cosmic
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time [216]. One explanation for this is that the alignment is guided by a DM filament, a component
of a large scale structure [217]. Structures on the largest scales (> 50Mpc) of the so-called cosmic web
consist of filaments of DM extending between large vertices of DM (where baryon-rich galaxy clusters
collect). Individual field galaxies align along these filaments with a prolate dark halo configuration. All
these early simulations, however, assumed axisymmetry of the halo and alignment between the stellar
disk axes and the dark halo axes. Whether of not the existence of these coherent planes of satellites —
some of which also appear to show kinematic coherence — are fully compatible with the predictions of
CDM theory that predicts a more random or thermal build up of structure from smaller to larger scales
remains uncertain [218].

On even larger scales, Galaxy clusters do appear to have common extended intra-cluster DM en-
velopes punctuated by sharp spikes of DM around each large cluster member galaxy, but the models
are subject to some degeneracies [219].

4 Probing the Milky Way at the Small-Scale Frontier

Dark matter astrophysics has long been concerned with observational probes of the CDM paradigm.
Studies of largest-scale structures are inevitably cosmological in nature. These cosmic tests range from
the cosmic microwave background (CMB) radiation, which encompasses the entire visible Universe, to
the baryon acoustic oscillation scale, which is visible in both the CMB and the distribution of galaxies
from surveys of the low-redshift universe, to the behavior of galaxies in the immediate vicinity of the
MW. Each of these is remarkably consistent with the CDM paradigm, which predicts that DM is
organized in gravitationally self-bound structures termed “halos”. The CDM prediction is that such
structures are formed “hierarchically”: small structures separate from the Hubble flow and collapse
first, and larger halos are formed from successive collisions and mergers of these small initial objects.
Partially merged subhalos that are at least partially self-gravitating may persist within a larger host
halo for many orbits before being tidally disrupted and joining the larger virial distribution.

Notwithstanding the success of the CDM paradigm at cosmic scales, concerns at galactic and sub-
galactic scales have existed for decades. These are commonly discussed as belonging to one of four
particular problems: (i) the missing satellites problem, (ii) the too big to fail problem, (iii) the baryonic
Tully-Fisher relation, and (iv) the core-cusp controversy. We will address the first of these in the context
of the MW, and refer to other recent reviews on the remaining topics [33, 17].

Probes of DM halos currently span the approximate range 108 − 1015 M�. In this section, we will
give an inventory of CDM structures within the MW, and briefly overview how they are affected by and
arranged within the MW’s gravitational potential. We will order this section roughly by size, beginning
with the largest, most obviously apparent substructures of the MW with masses ∼ O(1011) M� and
proceeding to lower masses and less prominent subsystems of mass . O(108) M�.

4.1 The Large Magellanic Cloud

Our understanding of the LMC has evolved substantially in recent years [220, 175, 174, 221, 222]. Using
data from the Gaia satellite [27], we have also gained significant insight into the influence of the LMC
on the MW: the reflex motion of the MW in response to the gravitational influence of the LMC has
now been detected [223, 192, 224, 225]. Detailed studies of the interactions of the LMC with the MW
halo and its satellites suggest that the LMC is relatively heavy, with a mass MLMC & 0.1 × MMW

[163, 192, 226, 225, 227]. This is compatible with the results of a comparison of a census of LMC
satellite members to N -body simulations [228, 229, 230].

Of direct concern for improving our understanding of the MW is the growing appreciation that
the LMC can directly and significantly influence the local phase space of DM particles [231]. This is
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Figure 8: Known MW satellite galaxies as a function of time. The dotted line is a schematic projection
for future surveys. Data courtesy of Joshua D. Simon.

possible due to both the high relative velocity of the centers of mass of the MW and the LMC as well as
the reflex motion of particles in the solar neighborhood to the influence of the LMC, as can be probed
through studies of axial symmetry breaking in the MW [44, 29]. Thus, our understanding of the MW is
now sufficiently precise that further refining this understanding necessarily requires accounting for our
largest satellites.

4.2 Milky Way Satellite Galaxies

The possibility that distant clusters of visible stars were island universes with their own history and
identity independent of our immediate environment was originally suggested by Kant [232, 233]. Almost
a century ago, this hypothesis (and, by extension, the Copernican principle) was confirmed by Hubble
[234]. Some of these other galaxies of stars are now understood to be gravitationally bound to the MW.
These smaller galaxies that are gravitationally bound to the MW are known as satellite galaxies.

The essential foundation of any substantive understanding of these satellite galaxies is their enu-
meration. Small self-gravitating astronomical structures are classified in a variety of ways. One useful
binary classifier of different such systems is whether or not their dynamics are determined by a signifi-
cant DM component. Those with a large DM density and evidence of multiple epochs of star formation
are commonly referred to as dwarf galaxies. In the early years of this century, as numerical simulations
improved, an apparent tension between the number of observed and predicted dwarf galaxies was noted
by a number of authors (see e.g. [33]). However, it is now believed that there is no missing satellites
problem [149, 235]. The problem has been resolved by a number of factors. Chief among these have
been recent discoveries of satellite galaxies around the MW [236, 237, 238]. Currently, almost 60 dwarf
galaxies are known, a number that has changed by almost an order of magnitude in the past decade.
For a recent review on the status of known satellites of the MW, see [239], whose Fig. 1 we capture in

21



Figure 9: The initial detection of tidal tails of the Pal5 stream. From [253]©AAS. Reproduced with
permission.

Fig. 8. This reveals the dramatic increase in known satellite galaxies as a function of time and technol-
ogy. Predictions for the star-formation efficiency of these same small host environments have also been
updated and improved [240, 241, 242, 243, 149], which has also helped to ameliorate the discrepancy.
Upcoming facilities such as the Rubin Observatory will extend the sensitivity to faint satellites even
further [244], which will extend our ability to test the CDM paradigm to the frontier of fainter and
smaller objects.

In a cosmic context, the number of small satellite galaxies probes the high-wavenumber tail of the
matter power spectrum [245, 246, 247, 248, 249, 250, 251], where we note [17, 33] for reviews. The
power spectrum of matter at these large wavenumbers (corresponding to cosmologically small physical
sizes) is in turn determined by the details of the DM of the universe. We make the connection between
DM microphysics and galactic dynamics more explicit in Sec. 5.

4.3 Stellar Streams

Stellar streams are extended distributions of stars with similar kinematics and chemical composition.
They are presumably formed from disruption of globular clusters and dwarf galaxies as those objects
fall into the gravitational potential well of and virialize with their host halo. See [252] for a recent and
comprehensive historical and methodological overview of stream finding in and around the MW.

The discovery of tidal tails around Palomar-5 (Pal5), shown in Fig. 9 [253], was a landmark occasion
for the study of stellar streams. The extended tidal tails of streams are in fact their essential distin-
guishing feature for tracing the interesting features of their host halo, including its assembly history
[254, 255, 256, 257, 258] and its steady-state structure [259, 260, 261, 202, 262, 263, 264, 265, 266, 267,
268, 269, 270, 271, 272]. The tidal tails trace the trajectory of the disrupted progenitor along its original
orbit, while in transverse directions the stream remains kinematically cold (unless perturbed by a mas-
sive satellite [192]). The phase space of the stream remains coherent, and the original characteristics of
the progenitor can be inferred [254] as long as the stream is on a regular orbit [273, 274].

There were 26 known streams circa 2016 [275], with 11 more discovered in DES data [177]. We show
a recent collection of streams observed in the DES footprint in Fig. 10 [177]. At least three more streams
have been discovered so far in Gaia data [276, 277, 278]. Spectroscopic follow-up from the S5 survey
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Reproduced with permission.
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[279] will further characterize these populations and provide additional clues as to their evolutionary
history, as will complementary future surveys [280].

Streams carry with them a historical record of their gravitational interactions. The scars of this his-
tory will be particularly visible if the stream has been perturbed along its kinematically cold transverse
directions by the influence of a massive perturber. Gaps and lumps transverse to the leading and trail-
ing arms are entirely absent in a smooth background potential, but are induced by overdensities within
the halo. For this reason, streams provide particular sensitivity to otherwise dark satellite members
of their host halo [281, 282, 283, 284, 285, 286]. Such substructures are predicted by the hierarchical
assembly mechanism of DM halo formation, as discussed in Sec. 5.1. In Sec. 5 we shall have much more
to say about how different theories of DM lead to different predictions for the structure and frequency
of these perturbations.

4.4 Patterns in Milky Way Field Stars

All of astronomy hinges on the search for regularity in observations of different subsets of the Universe.
Yet the detection of anomalies in the known positions of stars due to the gravitational influence of
known objects is only one hundred years old. Finding statistical correlations in the positions, velocities,
or accelerations of nearby stars are data- and computation-intensive challenges and thus particularly
modern versions of this very old type of search.

Photometric gravitational lensing is a prominent example of this type of statistical observational
effort. Lensing detections of DM are thus far largely confined to extragalactic contexts, beyond the
purview of this study, but we give a brief summary of aspects of the field here. We then extend some
of the concepts from photometric gravitational lensing to related families of searches.

First, we define photometric gravitational lensing to be the study of shear distortions in single
images of background light from stars, quasars, and galaxies. This requires large photometric data
sets and precise images. The lensing distortions are termed “strong” or “weak”, depending on how
severe the lensing is and over what angular range and across how many distant sources the lensing
signal is correlated. Strong lensing is exemplified by the Einstein ring formed when a source, lens,
and observer are exactly aligned. It is also possible to detect multiple images of the same object
without seeing the extended arc of the Einstein ring. Anomalies in strongly lensed images can provide
evidence of substructure in the lens [288, 289]. Such studies have a number of exciting successes, as
shown in Fig. 11, but are so far limited to cosmological distances [290, 287]. (Recently, it has been
suggested that such lensing events are more numerous than expected in CDM [291].) Weak lensing
in contrast is detected by statistical methods on large image sets [292, 293]. Transient effects like
flux ratio anomalies and apparent magnification, which rely on relatively high cadence photometric
observations, are termed “weaker than weak” lensing, because they do not lead to a change in the
apparent position of the object, and are sometimes referred to as “microlensing” [294, 293]. (The even
more subtle effect of a phase lag on the wavefront of a gamma ray burst, the so-called femtolensing, is
unlikely to be observable after accounting for finite-source-size effects [295].) Microlensing studies offer
opportunities for measuring populations of particularly dense objects like planets and the very dense
DM halos predicted in non-CDM cosmologies. Gravitational lenses have been detected from radio to
gamma-ray energies [296, 297, 298, 299, 300], using techniques spanning all of these methods. Due to the
large, fluffy nature of halos in the CDM picture, a complete understanding of the building blocks of the
MW halo is not likely to be completed in this way should the CDM hypothesis be correct. At this time,
however, we can say that lensing provides evidence that is entirely compatible with the CDM picture
of the MW halo. We defer to Sec. 5 the implications of lensing analyses for DM particle candidates in
CDM and beyond.

Photometric lensing is but one technique to discover otherwise-invisible small-scale DM substructure.
With the advent of extremely precise position (and thus parallax and proper motion) information from
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Figure 11: A detection of dark matter substructure in a strongly gravitationally lensed image. Sub-
structure is revealed in the lower right-hand panel. From [287], reprinted by permission from Springer
Nature.

the Gaia satellite [301], studies of patterns in MW stars are no longer necessarily confined to photometric
anomalies. For instance, these precise velocity data can be turned directly into a map of the overall
halo potential [302, 303]. Alternately, astrometric or velocity-based lensing has recently been proposed.
This requires studying perturbations to the precise Gaia astrometric solution. As with the photometric
case, these perturbations can arise in the time-domain [304, 305, 306] or may be revealed through
higher-point correlations across a broader statistical sample [307]. The hope is that these methods of
astrometry can provide a census of dark compact objects. Similar to the case of photometric lensing,
astrometric lensing is most promising for very dense subhalos.

In addition to measures of position- and velocity-space distortions, another frontier in the study
of the halo of the MW is acceleration measurements [308, 309, 310, 311, 312, 313, 314]. Following
the trend identified in the case of velocity measurements, acceleration measurements can probe the
local acceleration due to the overall DM halo, and thus finely map the local gravitational potential.
Alternately, pulsar timing arrays that look for correlated phase lags in pulsar signals will be another
important tool for understanding the substructure of the MW halo [315, 316, 317, 318, 319]. These
probes provide very exciting prospects for the next generation of studies of the immediate DM halo.
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5 Probes of Dark Matter Candidates via Milky Way Obser-

vations

In general, the number of small DM halos is determined by the primordial distribution of DM at all
distance scales. One convenient summary of the nature of the DM (but, as discussed below, not the
unique one) is to characterize it as “hot” or “cold” depending on a single parameter: the free-streaming
scale in the epochs when cosmic structures begin to form. Below this distance scale (or, equivalently, at
larger wavenumber), density perturbations do not grow. A hot DM candidate is generally recognized as
having been relativistic at the time of the formation of the density perturbations that characterize the
CMB, with a characteristic free-streaming scale much larger than 10 kpc. A cold DM candidate will
have a free-streaming scale much smaller than 10 kpc. (Naturally, warm DM interpolates between hot
and cold DM and has a free-streaming scale of order 10 kpc.) This is often quantified by calculating
the so-called DM transfer function, which is the ratio of the power spectrum of a given DM candidate
to a cold DM particle with the same energy density. This transfer function will abruptly go to zero
above the wavenumber of the free-streaming scale kfs. The vanishing of the transfer function implies
the vanishing of the power spectrum, which in physical terms means the absence of structures with
physical sizes below ∼ k−1

fs .

Beyond the “warmth” of the DM, a full description of the small-scale distribution of DM requires
knowledge of its power spectrum on all physical scales. However, calculating this quantity requires
detailed knowledge of the DM microphysics. For this reason, a precise treatment of the compatibility
of DM candidates with cosmic and astrophysical observations requires a complete model of DM genesis
and its interactions with itself and with the SM.

In this section, we first give a brief overview of structure formation in CDM and non-CDM cosmolo-
gies. Then we summarize the status of several DM models that deviate from the CDM paradigm at
small scales. We draw concrete conclusions about the properties of various DM particle candidates by
connecting to the various observational probes discussed in Sec. 4. We begin with a general discussion
of structure formation in the conventional CDM paradigm and how this can be used to draw broad
inferences about the nature of the DM. Then we extend our discussion by focusing on a handful of
concrete models of DM-SM interactions.

5.1 Hierarchical Structure Formation in the Milky Way and Beyond

Observational diagnostics of the amount of DM in small scale structure come in many forms. At late
cosmological times, these are often summarized in the halo mass function (HMF), or, in the case of a
particular host galaxy such as the MW, the subhalo mass function (SHMF), which is the number of
subhalos as a function of their mass, dNsh/dMsh. These functions are intimately related to the primordial
DM density perturbations, but also encapsulate all the nonlinear gravitational, plasma, and potentially
rich dark sector physics experienced by the structures after they are formed. Thus, the SHMF is a
complicated function of inherent DM properties as well as of primordial cosmological information and
more quotidian data like the host mass and environment.

By “primordial” we mean the data that set the initial boundary conditions for the era of linear
structure growth. At the present time, our knowledge of the primordial characteristics of the Universe
is limited to the information we can extract from the cosmic microwave background (CMB) radiation and
indirect measurements of the era of Big Bang nucleosynthesis (BBN). Large-wavenumber perturbations
in the CMB are relevant for structures of galactic size. By “large-wavenumber”, we mean that these
scales correspond to inverse length scales that are of order 10 kpc or shorter. These perturbations
grow during the cosmic dark ages of the early universe into structures of a great range of density
and a remarkable range of diversity. However, the number and the gross features of small DM halos
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Figure 12: The halo mass function in a cosmological CDM simulation. From [326].

ultimately depend on the distribution of the primordial DM density perturbations at large wavenumber
[248, 320, 321, 322, 323].

The DM density perturbations at high wavenumber are in turn determined by the precise phase
space distribution of the DM. This determines how the DM overdensities (and, eventually, the baryonic
overdensities captured within) grow as a function of cosmic time [324]. The DM phase space distribution
is itself determined by the DM particle properties: when and how it was produced and attained an
appreciable cosmic abundance, what interactions it had after that time, and how and when it decoupled
from those interactions [17, 325]. For this reason, specific DM particle physics properties need to be
specified in order to predict a particular distribution of DM on specific scales.

The baseline model adopted for most simulations of cosmic structure evolution is that of cold and
collisionless dark matter, the CDM paradigm. Roughly speaking, CDM is expected to have a hierarchical
distribution of structures, wherein small structures form first and merge to form large structures at lower
redshift. Cosmological simulations reveal a HMF dNh/dMh ∝ M−α

h for some positive constant α . 2
[326]; this is illustrated in Fig. 12, where the dashed line compares simulation results against the model
dNh/dMh ∝M−1.9

h . This scaling with halo mass appears to be largely robust against tidal effects from
interactions with the host halo, aside from an increased scatter in the number of halos [327], which we
provide an example of in Fig. 13. As discussed in more detail in this section, any deviation from the
cold, collisionless, low-density, weakly coupled paradigm will result in a departure from (and generally
a suppression of [328]) the HMF expected within CDM. Often, these departures will have characteristic
features that reveal further details of the DM. In this way, an understanding of the SHMF of the MW
is a sensitive method for investigating the essential characteristics of the DM.

A direct probe of the SHMF for halo masses above ∼ 108 M� comes from counting dwarf galaxies
within the MW. Above this characteristic mass scale, halos are expected to become efficient at en-
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Figure 13: The subhalo mass function in a cosmological CDM simulation. Left: subhalos with large
pericenter from their host halo. Right: subhalos with small pericenter from their host halo. There is
an increased scatter when tidal interactions are more important. From [327].

couraging star formation [329, 330, 331, 332, 333]. Critically, it is the peak halo mass, rather than the
present-day mass, which may have decreased due to disruption effects during infall, that controls this
efficiency [332, 333]. The efficiency of star formation is the key parameter making such halos detectable,
so we illustrate the correlation between the stellar mass and the halo mass in Fig. 14. We conclude that
halos are amenable to searches for visible self-gravitating structures if they have masses M & 108 M�
or a characteristic velocity dispersion greater than σv ∼

√
2GM/R ∼ 10 km/s, assuming that R ∼ 10

kpc defines the size of small subhalos. (Smaller, denser, structures that are dominated by their baryonic
gravitational potential such as globular clusters, nuclear star clusters, and giant molecular clouds are
therefore not as informative as to the nature of the DM.) As discussed above in Sec. 4.2, our census
of satellite galaxies of the MW has undergone a substantial growth in the recent past. The consensus
is now that the MW resides in a DM halo with a typical population of subhalos [149]. This constrains
major deviations from the CDM paradigm.

Because of these recent advances, the frontier of the search for the DM is now in the search for
dark structures below the characteristic mass scale of star formation, M . 108 M�. This requires new
searches that extend observations from the direct search for luminous satellites to indirect methods that
are sensitive to entirely dark substructures of the MW.

One method for looking for dark substructures are studies of lensing, as discussed in Sec. 4.4. This
is a promising route for determining the mass function of cosmological CDM halos [334]. The amount
of anomalous flux ratios observed in samples of gravitational lenses is consistent with the amount of
substructure predicted in CDM cosmologies [335, 290]. Direct searches for microlensing of stars in
the MW and Andromeda galaxies and the Magellanic Clouds by the OGLE [336, 337], MACHO [338],
EROS [339], and Subaru HSC [340] collaborations confirm the CDM halo picture. The low rate of lensing
events observed by these collaborations are compatible with the expectation of fluffy and low density
CDM subhalos, and thus are primarily used to rule out other candidates [341, 342, 343]. Combining
lensing with complementary information allows for even stronger constraints on all models [344].

Searches for patterns in other measurements of MW stars provide another handle for studying the
particle nature of DM. The prospects for a positive detection of local substructure with pulsar timing
arrays depends on the DM theory. Though the possibility of finding the dense subhalos predicted in
non-CDM cosmologies is promising on the timescale of decades [317, 318], it is less promising in the
case of fluffy CDM halos [345]. So far, other pattern-based studies mentioned in Sec. 4.4 are also not
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Figure 14: The stellar-mass/halo-mass relation as a function of subhalo mass at (left) z = 0 and
(right) at peak mass before infall. Subhalos with peak mass before infall of & 108 M� efficiently form
stars. Shaded bands are theoretical predictions without tidal mass loss. Points are simulated galaxies.
From [333].

competitive with lensing probes.

Stellar streams, surveyed in Sec. 4.3, offer another promising probe of the structure of the MW.
Of particular interest is their ability to probe the nature of the smallest building blocks of the MW
dark matter halo [347, 283]. Because of the small number and the unique nature of these streams, they
are studied on an individual (rather than an ensemble) basis. We discuss two particularly well-known
streams here.

The “poster child” stream Palomar 5 (Pal5) [270] is known to have a significant interaction with
the MW bar [348, 349], presenting an irreducible background to searches for DM substructure in this
system. We show updated observations of Pal5 compared with a set of simulated versions of a Pal5-like
stream with and without simulated perturbers in Fig. 15 [346]: observations are reproduced at the top
of the figure in blue; a simulation of an unperturbed, or “regular”, stream which has undergone tidal
disruption by its host galaxy, but has experienced no other external perturbative interactions, is shown
in green; and a simulated stream with two interactions, evidenced by two gaps on the left (leading)
and right (trailing) arm, is shown in red. We note that very recent simulations have also raised the
possibility that mass segregation, which concentrates many black holes each of 3 M� or more in the
central regions of Pal 5, can have a significant effect on its evolution [350].

The GD-1 stream is expected to be more robust against these confounding baryonic effects [351,
286] due to its large pericenter, retrograde orbit, and large inferred separation from known baryonic
substructure [352], and is thus a promising target for detecting DM substructure [353]. Recently,
observations of GD-1 have been used to probe the SHMF of the DM of the MW [352, 354, 355]. These
studies indicate that the GD-1 stream most likely was perturbed by at least one dense, massive object
— and it is unlikely to have been the Sagittarius dwarf remnant [354]. The rate of encounters of a
stream on a GD-1-like orbit with a substructure of the virialized MW dark matter halo is expected to
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Figure 15: Comparison of observation and simulations of the Pal 5 stream with and without the
gravitational influence of massive satellites of the simulated host. The body of the remaining Pal 5
progenitor is the white oval, left of center in each panel. Tidal stream stars escape the progenitor at
two Roche-lobe overflow points, leading to a kink in the complete stream. From [346].

be large enough to account for the observed perturbation of GD-1 [286, 352]. Following the logic laid
out above, this rate is evidence that the subhalo mass function must not overly be suppressed in the
mass range 106 − 108 M� [354, 355]. This provides evidence in favor of cold, rather than warm, DM,
and has been used to constrain the mass of thermal DM to be larger than 4.6 keV [355]. On the other
hand, the perturber may be somewhat more dense than expected in a conventional CDM-like scenario
[352], potentially pointing the way to new physics, as shown in Fig. 16. However, if the interaction with
the subhalo remnant is taken into account, N -body simulations suggest that a kinematically warm DM
population may actually be preferred [356]. Studies of streams are still a relatively young subject, and
will benefit from further exploration of potentially confounding physical effects.

In conclusion, studies of MW satellites and their invisible brethren are powerful but still-developing
probes of the nature of the hierarchical structure formation paradigm. Counts of visible satellites
match qualitative expectations from simulations, thus providing compelling evidence that the DM in
our galaxy is formed roughly hierarchically at least down to subhalo masses M ∼ 108 M�. The stellar
stream GD-1 provides further suggestive hints that hierarchical structure formation continues at least
one order of magnitude lower in halo mass, and streams in general will be a compelling testbed for
future advances in understanding the nature of the MW’s assembly and current constitution.

5.2 Nearly Thermal Dark Matter

In the classification scheme adopted above, DM is characterized as being either cold, warm, or hot.
This scheme relies fundamentally on the assumption that DM has reached thermal equilibrium at some
point in its cosmological evolution. A stronger assumption that is often implicitly adopted is that the
DM was in fact in chemical equilibrium with the SM thermal bath, as in the canonical weakly interacting
massive particle (WIMP) scenario, where we use chemical equilibrium to refer to the equilibration of
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Figure 16: Inferred mass and size of the perturber of GD-1 compared to known constituents of the MW,
both dark and luminous. From [352]©AAS. Reproduced with permission.

annihilation processes. We explore departures from both of these assumptions in this subsection, though
for now we will still find it useful to compare the DM phase space distribution to the thermal SM phase
space.

One possible departure from the conventional scenario is that DM could have attained thermal
equilibrium and have a thermal phase space distribution fDM(v, z) ∝ exp(−3mDMv

2/2TDM(z)), but the
equilibrium temperature TDM(z) describes only its own “dark sector”. In order for the DM particles to
shed their energy and entropy, they must be able to annihilate away some of its equilibrium abundance,
except for a one-parameter family of particles with a temperature ξ = TDM/TSM ' (Tmr/mDM)1/3, and
with the requirement m & 530 eV in order to become nonrelativistic at sufficiently high temperatures to
match the high-wavenumber modes of the CMB. Suffice to say, such a scenario is sufficiently fine-tuned
as to be unappealing. Instead, it is conventional to assume that a secluded dark sector has a light
partner particle into which the DM particle can annihilate, thereby satisfying constraints on the relic
density.

A related alternative is that the dark sector has a secluded number-changing self interaction. Such
a DM candidate cannibalizes itself to keep warm [357]. This extra self-generated warmth slows the
redshifting of energy and suppresses the growth rate of density perturbations [357, 358] to a degree
that is ruled out by current observations [359] unless the interactions couple very late and change the
density negligibly [360].

A DM candidate that differs in certain key respects from a simple thermal relic is sterile neutrino
DM [320, 361]. This particle never reaches full thermal equilibrium with the SM bath. Rather than
freeze out like a canonical WIMP, so that its relic density is determined once its interactions are no
longer strong enough to maintain thermal equilibrium, such particles may “freeze in” over a long period
of time or may attain the correct energy density during a brief period of resonance production (due,
e.g., to a large lepton asymmetry). The sterile neutrino is constrained by MW satellite counts in much
the same way as in the strongly interacting scenario discussed below in the context of dark matter with
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a large scattering cross section with SM material: too light of a sterile neutrino will have too large of
a free-streaming length, and will suppress the formation of MW satellites below a characteristic mass
scale [325]. We show these bounds in Fig. 19.

The sterile neutrino freeze-in process has been generalized in a number of ways since [362, 363, 364].
Recently, the calculation of the necessary parameters to achieve the correct DM energy density has
been performed in the context of DM that interacts with the SM through a very light kinetically
mixed dark photon [365, 366]. This model, like the sterile neutrino, is kinematically colder than a
completely thermalized particle of the same mass, but with a very long high-velocity tail. Both of these
novel features must be accounted for when calculating the expected subhalo abundance. We show the
transfer function of this DM candidate in Fig. 17.

5.3 Extremely Massive and Ultralight Dark Matter Candidates

Extremely massive and ultralight DM candidates differ from the preceding cases by having no notion of
temperature. Instead, these candidates are completely athermal, and derive their energy density from a
novel mechanism unrelated to the thermal energy of the SM or dark sector bath. See [367] for a recent
overview of model possibilities.

By extremely heavy DM candidates, we mean DM composed of particles that are so massive that
their individual nature becomes apparent. In some sense, the particulate nature of DM structures is
then probed directly, instead of the averaged thermodynamic quantities that we typically consider,
such as the local and cosmic density. The archetypal heavy DM candidate is the primordial black hole
(PBH) [368], but composite extended structures such as nuclear-like dark many body states can also
grow to become extremely massive in the early universe [369, 370, 371, 372, 373, 374, 375], with unique
observational signatures [376, 377, 378].

On the other hand, ultralight DM candidates are those whose mass is so low that they form extremely
high-occupancy states, and thus behave more like a classical wave than like a classical particle: their de
Broglie wavelength λdB, which is inversely proportional to their mass and their characteristic velocity
dispersion, exceeds their interparticle spacing in the MW and its satellites when mDM . 100 eV.
For a recent review, see [379]. Such particles will induce a diminished dark matter transfer function
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Figure 18: Constraints on dense halo objects formed from extremely massive or ultralight dark matter
candidates. Reprinted with permission from [342, 343]. Copyright 2020 by the American Physical
Society.

above a characteristic wavenumber set by their mass because their quantum nature prevents them from
collapsing on scales smaller than their de Broglie wavelength. This is macroscopically important when
that wavelength matches the ∼ 10 kpc dwarf galaxy length scale mentioned above. By assuming a
characteristic velocity dispersion of v̄ ∼10km/s, one can calculate that ultralight DM will match the
dwarf galaxy length scale at currently probed sizes of & 10 kpc if the dark matter mass is less than
mDM ∼ 10−22 eV, since λdB = (mDMv̄)−1 ' 10kpc× (mDM/10−22eV)−1 [380]. Dark matter of mass well
below this value will not “fit” into dwarf galaxies, inhibiting their growth and unacceptably suppressing
the subhalo mass function in conflict with observations [381, 382, 383]. This may be extended to larger
and smaller systems with current and future data [384, 385].

In the context of the MW, there is an interesting and perhaps surprising convergence between
ultralight and extremely massive DM particles. This happens because ultralight particles typically have
attractive self-interactions that cause them to form ultra-dense agglomerations over cosmic timescales
[386, 387, 388, 389, 390, 391]. Thus in both cases, these DM candidates are probed by lensing searches.
Treating the heavy objects as point lenses [341] (as appropriate for a PBH) or extended lenses [342, 343]
(as appropriate for a composite object of self-interacting particles) changes the constraints somewhat.
We show results assuming either an NFW or a boson-star-like density profile in Fig. 18.

Compact objects such as PBHs also have the ability to dynamically disrupt observed stellar systems
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Figure 19: Constraints on non-CDM dark matter candidates reproduced from [325]. Left: constraint
on the mass and elastic scattering cross section between a dark matter particle and the proton. Right:
constraint on the mass and mixing angle of a sterile neutrino.

[392, 393, 394]. Fokker-Planck simulations of dwarf galaxies exclude compact objects of mass MCO

from constituting a fraction f ' (MCO/10 M�)−1 of the total DM in the MW [395, 396]. Simulations
of wide binaries in the MW stellar halo lead to similar bounds with slightly lower masses [397]. See
[398] for a more detailed discussion and for additional non-dynamical constraints on compact objects.
The convergence in physical effects noted above in the case of lensing also carries over to dynamical
considerations, and has been used to place strong constraints on ultralight DM [399].

5.4 Interactions of Dark Matter with Standard Model Matter

Dark matter that interacts so strongly with the SM that it cannot penetrate the Earth and reach
underground DM direct detection experiments (sometimes referred to as IDM) is probed in a multitude
of ways. We set aside cosmological and direct probes of such DM models, and focus here on the
implications for the subhalo abundance of the MW.

These strong interactions will couple the DM fluid to the baryon fluid at the time of the formation
of the CMB, at a time when the baryons are being prevented from falling into overdense halos by the
pressure of the hot and abundant photons. This means that the subhalo abundance is suppressed in
these scenarios [400, 325, 401]. The severity of the suppression depends on the temperature of the
decoupling of the DM and SM fluids. The scattering cross section of such a DM candidate with baryons
is constrained by comparing calculations against the current measurements of the SHMF, in analogy
with the SIDM case above. We show recent constraints on this type of model in Fig. 19. In addition,
much of the parameter space of these models are subject to stringent constraints from their contributions
to the energy density of the Universe during the epoch of BBN [402].

5.5 Self-Interacting Dark Matter

Self-interacting DM (SIDM) was initially proposed as a solution to both the core-cusp problem and
a seeming dearth of small MW satellites [403]. We will not further address the inner profiles of MW
satellites except to say that in SIDM scenarios these problems and their resolutions are inherently
linked.
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The SIDM power spectrum features a high-k cutoff that is similar to that of warm DM [404, 405],
although SIDM can additionally feature dark acoustic oscillations [406, 407, 408] that can serve as a
powerful distinguishing marker of additional model complexity. However, the additional complexity of
the self-interacting dark sector means that any prediction of high-k power is dependent on a large number
of model parameters. These can be summarized in terms of a dark kinetic decoupling temperature,
analogous to the temperature at which the SM particles decouple from the photon bath and begin to
form structures [404, 405, 408]. If this temperature happens to be close to the corresponding temperature

at which high-k SM modes decouple from the photon bath, z
(high-k)
kd, SM ' 4 keV as discussed above, then

the deviation from the CDM power spectrum can be visible in field galaxy counts.
Understanding the SHMF of SIDM involves physics that is both unique to the subhalo and physics

that connects the subhalo to its host. For instance, the gravothermal evolution of the self-gravitating
SIDM halo, and the eventual gravothermal catastrophe befalling all self-gravitating systems [409, 410,
411, 412], is a necessary ingredient for drawing conclusions about the nature and the density of observed
SIDM halos [413, 414, 415]. When considering SIDM subhalos in the MW, tidal interactions can play
a critical role in interpreting the SHMF [416, 413, 414]. These factors, sometimes mitigating and
sometimes compounding the effects of the self-interactions, must be taken into account when drawing
inference about DM self interactions.

5.6 Dark Matter with Inelastic Transitions

Dark matter that can interact via inelastic transitions, either through internal excitation [81] or light-
particle emission [82], has a very different phenomenology than DM that only interacts elastically. This
type of DM can form structures very similar to those formed by the SM, ranging from the length scales
of acoustic oscillations in the early universe [407] to structures of the size of the MW disk [155, 156] and
below [408, 417, 418, 419]. In fact, such dissipation can be the key to forming the extremely massive
composite DM candidates discussed in the previous subsection [369, 370, 371, 372, 373, 374, 375].

Most interesting for studies of galactic dynamics is DM equipped with a dissipative force. This can
form a dark disk, which may be coincident with or at least concentric with the MW stellar disk. This
impacts the matter surface density observed by stars in the local neighborhood, and can thus have an
observable effect on their phase space distribution [155, 156, 420, 421]. Inferences on the dark disk
density using observations from the Gaia satellite have thus far been limited to the equilibrium case
[422], which, as argued above, needs to be improved upon given our updated knowledge of the dynamics
of the MW. We discuss inference of the local DM energy density more below in Sec. 7.1.

6 Probes of Change

Our ability to ascertain change in the MW — beyond the birth and death of single stars — has come
as quite a surprise. Certainly, the DF formalism we have outlined in Sec. 2 is constructed to address a
system in steady state. Although the existence of the MW’s spiral arms and the discovery of the Galactic
bar speak to non-steady-state effects, it has been thought that these effects could be accommodated
with only small adjustments of the DF formalism, despite the fact that the spiral arms signal a spiral
distortion in the Galaxy’s gravitational field. This engenders radial mixing of the gas and stellar disks,
with stellar distributions in metallicity and age giving observational support to such effects — yet the
overall angular momentum distribution may be largely undisturbed [423]. Considerable evidence for
imperfections throughout the Galactic disk also exists, however: it is warped and flared in HI gas
[99, 100] and in stars [101, 102], and we have already noted the striking evidence for the latter from
three-dimensional maps of Cepheids [103, 104]. Rings [424, 425] and ripples [426, 196] in regions farther
from the Sun, where the disk is relatively thin, have also been noted.
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Fig. 1.— Number density, n as a function of distance from the Sun, zobs. Black points are

the data. The magenta curve is our model fit. The dotted blue curve is the contribution

from the thin disk; the dashed magenta curve is the contribution from the thick disk. Lower

panel shows residuals: ∆ ≡ (data-model)/model.

(a)

Figure 20: Estimated number density n as a function of observed distance zobs from the Sun (top),
using photometric parallaxes and SDSS observations of K and M dwarfs within an in-plane distance
of 1 kpc, with the black points showing the observed star counts, including an overall normalization
factor. The magenta curve is a model fit to those points, assuming no North-South breaking, and
the contributions from the thin (blue dots) and thick (red dashes) disks as well. The bottom panel
shows ∆ ≡ (data − model)/model, revealing a wave-like vertical asymmetry, north and south. From
[427]©AAS. Reproduced with permission.

We believe that observations of wave-like asymmetries near the Sun’s location in main-sequence
stars from the SDSS [427, 428], in vertical velocities of red-clump stars from the RAVE survey [429], as
well as from Gaia DR2 [430], speak to a sea change, revealing the existence of non-steady-state effects
in the solar neighborhood. Evidence for axial-symmetry breaking of out-of-plane main-sequence stars
in the north with SDSS has also been observed [102]. The astrometry of Gaia DR2 [24, 27] has greatly
enriched these studies. For example, the striking snail shell and ridge correlations within the position
and velocity components of the DF [197] have also been discovered, revealing axially asymmetric and
presumably non-steady-state behavior. This, as they note [197], is attributable to the existence of the
Galactic bar, spiral arms, as well as of other, external perturbations.

In what follows we discuss probes of non-steady-state effects broadly, considering first evidence from
north-south symmetry breaking and phase-space correlations, before turning to the study of broken
stellar streams and intruder stellar populations. The latter two — and probably the last three —
probes are of such complexity that they serve as prima facie evidence for non-steady-state effects. In
the case of north-south symmetry breaking, we note that a study of north-south and axial symmetry
breaking can framed to show concretely that the MW is not in steady state, following the theorems
we have discussed in Sec. 2 [44, 29]. The particular origins of these various symmetry-breaking and
phase-space correlation effects are not well-established, but we review various proposed explanations —

36



0 0.5 1 1.5 2
|z| (kpc)

-0.15

-0.1

-0.05

0

0.05

A

(a)

Figure 21: The asymmetry in star counts, north and south, with height |z| from the Galactic mid-plane,
for different bands in (g − i)0 color. Note 1.8 < (g − i)0 < 2.4 (black), 0.95 < (g − i)0 < 1.8 (blue),
0.95 < (g− i)0 < 1.8 (red), and the green points employ a distance relationship based on (r− i)0 color.
From [428]©AAS. Reproduced with permission.

all of which involve external perturbations.

6.1 North-South Symmetry Breaking

We show the first observation of a vertical asymmetry in stellar number counts, from [427], in Fig. 20,
with distances computed using a photometric parallax relation. A follow-up analysis confirms this
result, as shown in Fig. 21 [428]. The north-south asymmetry is defined as

A(|z|) ≡ n(z > 0)− n(z < 0)

n(z > 0) + n(z < 0)
, (13)

where n(z) are the stellar number counts north (z > 0) and south (z < 0), measured from the Galactic
mid-plane. The insensitivity of the observed vertical asymmetry to stellar selection suggests that it is
indeed a density wave. We also note results from the RAVE velocity survey that show evidence for
vertical ringing in Vz of stars [429] at similar distances to those studied in [428], as well as an observed
vertical wave in mean metallicity [431], inferred from SDSS photometry, with features similar to the
observed density wave.

To probe the possible origin of the vertical symmetries we have noted, we turn to a combined
analysis of axial and north/south symmetry breaking [44], using a sample of 14 million Gaia DR2 stars
within 3 kpc of the Sun’s location, carefully selected for sensitive studies of symmetry breaking [29].
The axial asymmetry A(φ) is determined by counting stars on either side of the anti-center line in the
Galactocentric longitude φ = 180◦, computing

A(φ) =
nL(φ)− nR(φ)

nL(φ) + nR(φ)
, (14)

37



0 1 2 3 4 5 6
|180- |  (deg)

0.04

0.03

0.02

0.01

0.00

0.01

0.02

0.03

0.04
As

ym
m

et
ry

(a)

0 1 2 3 4 5 6
|180- |  (deg)

0.04

0.03

0.02

0.01

0.00

0.01

0.02

0.03

0.04

As
ym

m
et

ry

(b)

Figure 22: The axial asymmetry A(φ) with φ, for selections north (N) and south (S), (a) red (S), black
(N), and blue (N+S), (b) we compare A(φ) in the N+S sample with the difference of A(φ) in the north
and A(φ) in the south (N-S) (squares). From [44]©AAS. Reproduced with permission.

where nL(φ) and nR(φ) are defined as the number of stars, left and right, of the anti-center line. This
observable probes the vertical component of the angular momentum as an integral of motion; that is,
if A(φ) = 0, it is conserved, as per our discussion of Noether’s theorem [40] in Sec. 2. The result of this
evaluation for stars with z > 0 (north N), z < 0 (south S), and for all z (N+S) is shown in Fig. 22. Since
A(φ) 6= 0 in all cases, axial symmetry is broken, but it is also apparent that A(φ)|N−A(φ)|S � A(φ)|N+S.
This pattern of symmetry breaking, as per our discussion of [46] in Sec. 2, can only result if our large
sample of stars is not in steady state. Ergo the Galaxy near the Sun’s location is not in gravitational
equilibrium. This outcome supports an external perturbation origin for the vertical asymmetries, and
for the novel phase space structures we consider in the next subsection.

We first pause to consider the north and south pattern of the asymmetries shown in Fig. 22a. These
results in the solar neighborhood can be compared to the axial asymmetries expected from the distorted
halo shapes determined from the analysis of peculiar velocities of stars in the Orphan stream [192].
The outcome suggests that the halo of the MW is prolate in shape and tilted in the direction of
the LMC/SMC system [44], as illustrated in Fig. 6. The prolateness of the halo is distinguished by
comparing subtle differences in star counts in the northern vs. southern hemispheres, building on the
result of [192]. Including the effects of the Sagittarius dwarf as well appears to adjust the picture to
favor an oblate and possibly radius-dependent geometry [194], and their results also support a large
mass for the LMC, in agreement with [192]. On the other hand, earlier studies of flaring HI gas in
the outer galaxy support a prolate DM distribution [110]; these authors note that a prolate halo can
support long-lived warps [111], which would help to explain why they are commonly seen [110].

In other galaxies, [432] shows that one can determine whether external galaxies are more prolate
or oblate in their stellar distributions by observing their stellar density profiles as another check on
N-body models of DM if the DM DF reflects that of light. Whether or not this is so has not yet been
established.
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(a)

Figure 23: Distribution of stars located 8.24 < R < 8.44 kpc from Gaia DR2 data in the vertical
position-velocity (Z − VZ) plane colored as a function of median VR (left) and Vφ (right) in bins of
∆Z = 0.02 kpc and ∆VZ = 1 kms−1. From [197], reprinted by permission from Springer Nature.

6.2 Phase-Space Correlations

We show the novel phase-space correlations of the so-called Gaia snail in Fig. 23. This structure is
apparent in a vertical velocity-position phase space diagram. It indicates strong evidence for recent and
on-going disturbances of the disk of the MW by interloper structures such as the Sagittarius dwarf or
other massive structures with a significant vertical component to their motion.

Thus it would seem that the vertical asymmetries in the stellar density may indeed be due to an
ancient impact, possibly by the Sagittarius dwarf galaxy [427]. Support for the impact hypothesis
comes from numerical simulations [191, 433]. The novel phase-space structures noted by [197, 434]
also offer support to the impact hypothesis, as such features had been predicted as a consequence
[191, 435, 436, 437]. We refer to [438, 190] for a review of the state of observations of phase-space
correlations and the theory behind the Gaia snail. Note that assigning responsibility for the snail to
one particular dwarf such as Sagittarius may be problematic [439], and that models continue to evolve
and benefit from additional data.

Recently, too, the discovery of stars with non-prograde kinematics in the disk has led to determi-
nation of a previously unidentified ancient impact, from Gaia-Enceladus (or the Gaia-Sausage) in the
inner halo [182, 183], which we discuss further later. Finally, [440] have noted significant merger debris,
and streams, in the halo, which are also an expected consequence of ancient impacts.

6.3 Fitting Broken streams and the Galactic potential shape

Detailed observations of tidal stellar streams in the halo of our MW are potentially strong probes of the
distribution of matter, including the DM, on scales of 20-100 kpc, as overviewed in Sec. 4.3. Combining
observations of stellar position, proper motion, radial velocity, distance estimates and density of stars
along halo stellar streams is potentially an extremely strong probe of the Galactic potential at radii
inside the streams’ orbit. There are at least two known cases where segments of streams originally
identified as independent are now thought to be originate from the same stellar cluster. The Orphan
stream (above the Galactic plane) and the Chenab stellar stream (below the plane) have been observed
to share close orbital parameters and in fact may have a common origin [441]. Models are being
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undertaken to show how an interaction with the LMC at some time in the past can explain a prominent
feature in the stream [192]. More recently the ATLAS and Aliqa Uma stream segments appear to share
a common origin [442]. The nearby halo streams of GD-1 and Khir also potentially share a common
origin [443]. The full potential of using broken streams to constrain the mass of the LMC are still limited
by the precision of the available data, with error on distances being the limiting factor. A stream which
covers a wide range in distance between its apo- and peri-galacticons can be used to put a constraint
on the mass within — such as has been done with the Orphan stream [444].

Aside from broken streams, at least one stream is observed to have a kink along its length. This is
thought to be evidence of an interaction with an otherwise unseen massive perturber [352, 355]. The
implications of this interaction for theories of DM have been discussed in more detail in Sec. 5. A
calculation by [286] shows how the presence or absence of gaps in the density of stars along a stellar
stream may be used in a more general way to constrain the mass and number density of DM blobs
floating through the halo.

6.4 Intruder Stellar Populations

Gaia has contributed to our understanding of the history of how the Galaxy has built up over time,
as recently reviewed by [445]. The largest past merger has been that of the Gaia-Enceladus-Sausage,
though recent work suggests that this is in fact two separate mergers. The smaller of these nearly
simultaneous mergers, dubbed the Sequoia merger [446], is distinguished by having released stars on
kinematically distinct retrograde orbits. The Sequoia merger may possibly have left a dwarf galaxy
nucleus remnant today in the form of the so-called ω-Cen globular cluster, though it is likely not a true
globular cluster due to its multiple stellar populations. The case for two ancient mergers has also been
made by [447]. The metallicities and kinematics of these merger remnants are present today in the disk
of the MW.

Whether or not smaller merger remnants in the disk can be isolated is an on-going topic of research
with an ever-growing list of techniques. For instance, [448, 449, 278] find evidence for stars in a nearby
stream, Nyx, using, in part, machine learning techniques, and [450] are able to disentangle populations
of stream stars embedded within the disk of relatively low contrast, again taking advantage of the
excellent Gaia dataset. Determining the limits of sensitivity of these new techniques is the subject of
ongoing work, and caution is advised in identifying intruder populations via any single technique. If
possible, using multiple methods, such as chemical signatures and kinematic markers, is necessary to
draw inference on the nature of the possible merger remnants, as carried out by a recent analysis of
Nyx candidate stars with the GALAH survey [451].

7 Implications for the Local Dark Matter Phase Space Dis-

tribution

The local DM phase space distribution, namely, the distribution function, fDM(x,v, t|R�), at the Sun’s
location, reflects all of the environmental and evolutionary factors we have discussed thus far. This
object is defined as the one-body distribution function, and is well-posed regardless of whether the
assumptions that would lead it to be a solution of the collisionless Boltzmann equation, as we discuss in
Sec. 2, are fulfilled. Here we provide a summary of what is known about this elusive object, noting first
that it is the local DM mass density, ρDM(R�) = MMW

∫
d3vfDM(x,v, t|R�), where MMW is the total

mass of the MW, and the local DM velocity distribution, fDM(~v|R�) =
∫
d3xfDM(x,v, t|R�), that are

of greatest interest to DM direction detection searches, as we have highlighted in Sec. 2. We will first
treat the total local DM density, ρDM(R�). Then we will discuss the local DM velocity distribution,
fDM(v|R�), including possible contributions from partially mixed phase-space structures.
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Figure 24: Illustration of the degeneracy in the determination of the local dark matter density and
the baryonic surface density, comparing the two-dimensional marginalised posterior of [452], with the
results of particular groups. From [452], and we refer to that reference for all details.

7.1 The Local Dark Matter Density

A long-standing problem has been the determination of the matter density in the vicinity of the
Sun [453], as inferred from the measured kinematics of the local stars [454]. In this so-called Oort
problem, a sample of stars, assumed to be in a gravitationally relaxed, or steady, state is used to trace
the local gravitational potential and to infer the local matter density. We note Refs. [38, 455] for a
detailed account of earlier work. Since such dynamical methods yield the total matter density, a careful
accounting of ordinary, or baryonic, matter must be made simultaneously, because it is their difference
that gives the local dark matter density. A local census of baryonic matter in the solar neighborhood,
including stars, brown dwarfs, and gas, gives 0.0889 ± 0.007M� pc−3 = 3.4± 0.3 GeV cm−3 [420], con-
sistent with the assessment of 0.09 ± 0.01M� pc−3 in [38], even if their detailed contents differ. The
dynamical mass estimate has been assessed to exceed this by 10% [38], and indeed 0.3 GeV cm−3 has
traditionally been estimated to be the local dark matter density in the SHM [31], which we have re-
viewed in Sec. 2. Recently, progress has been made through the simultaneous, but separate, analysis
of the baryonic and dark matter contributions in an integrated Jeans equation analysis [452]. Al-
though the stellar tracers of the gravitational potential are certainly blind to the distinction between
visible and dark matter, the degeneracy between these two forms of matter is broken if one works
a few vertical scale heights above the Galactic plane [456], because there the contribution would be
mostly dark matter. The outcome of this analysis is shown in Fig. 24; it can be seen that the apparent
discrepancies between groups are ameliorated once the baryonic-dark matter degeneracy is taken into
account [452]. We also note the outcome from a Jeans analysis of Gaia EDR3 and APOGEE data,
ρDM(R�) = (8.92± 0.56 (sys))× 10−3M�pc−3 (0.339± 0.022 (sys) GeVcm−3) [208], as well as a determi-

nation from precision binary pulsar timing measurements, ρDM(R�) = −0.004+0.05
−0.02M�pc−3 [313], once

the baryon density is removed [457], with a Jeans analysis of Gaia DR1 data finding local DM densities
compatible with either result depending on the stellar tracer population chosen [420].

The appearance of vertical oscillations in the stellar number counts and velocity distributions of the
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MW [427, 428] and variations in the effective vertical height of the Sun across the Galactic plane [102],
speaking to warping in the disk, strongly suggests the existence of non-steady-state effects, for which
we have reviewed definitive evidence in Sec. 6. Thus the explicit time-dependence of the DF must be
taken into account, as in Refs. [458, 452]. It is important to emphasize that suitable DFs have to be
simultaneous solutions of the collisionless Boltzmann and Poisson equations, as discussed in Sec. 2.
This work was completed before the release of the Gaia DR2 data, and with the discovery of striking
axial symmetry breaking features, such as the Gaia Sausage [197], it is apparent that terms neglected
in previous analyses can be significant. Indeed, larger variations in the dark matter density have been
found, even varying up to a factor of 2 larger than the SHM result [459]. For reviews of systematic
uncertainties and different approaches to this problem, see [455, 460].

We note that increasing the local dark matter density should not shift the normalization of the
rotation curve (i.e., the plot of Vc versus galactocentric distance, as shown in Fig. 7 and discussed in
Sec. 3.4) by a large amount. This is true because most of the enclosed mass at the solar circle, and thus
the largest contribution to the circular velocity at R ≈ R�, is due to the density of baryonic matter
(stars). This latter mass density is not perfectly known, and extractions of its value are anticorrelated
with the local DM density [452], as shown in Fig. 24. On the other hand, if the density of luminous
stars is well constrained, then small dips and wiggles in the rotation curve can be used to map out a
residual dark component with some accuracy. Certainly any axial asymmetries there, or in the local
stars [44, 29] could be used to constrain the axial-symmetry-breaking terms in a Jeans analysis, leading
to improved assessments of ρDM(R�).

While data so far have focused nearly entirely on stellar positions and velocities (i.e., the 0th and
1st derivatives of motion), over time, Gaia data and upcoming data from pulsar timing arrays are of
sufficient accuracy that accelerations in star motions may be eventually be able to be used to constrain
the MW’s potential [312, 314], as discussed in Sec. 4.4.

7.2 The Local Dark Matter Velocity Distribution

The local DM velocity distribution fDM(v|R�) is important chiefly for interpreting experimental re-
sults related to the direct detection (DD) of DM, although we note that comparisons between such
experiments are nevertheless possible without knowledge of this distribution [91, 461]. Our knowl-
edge of fDM(v|R�) is informed by our knowledge of global properties of the MW, which allow sim-
ulators to identify MW analogues in cosmological N -body simulations of DM structure formation
[462, 463, 464, 465, 466, 467]. These global properties have been discussed in Sec. 3.

When constructing a semi-empirical dark matter velocity distribution suitable for interpreting dark
matter direct detection data, it is particularly important to account for known local structures, such as
the Sagittarius dwarf [468]. In the limit of a large number of DM events in a near-future DD experiment,
it may conversely be possible to extract this information from the recoil spectra [80, 469].

The task of identifying kinematically distinct components of the stellar halo and converting these
to weighted contributions to the DM halo has undergone a rapid and substantial evolution in the last
several years [470, 470, 471, 472, 459, 473, 474, 475]. A consensus has roughly emerged that distinct
phase-space substructures can account for at most . 20% of the DM velocity distribution [476, 459, 475],
and departures from the SHM given in Eq. (7), which assumes a Maxwellian velocity distribution for
100% of the DM halo, as we have discussed in Sec. 2, are correspondingly small [459, 471, 477, 475, 478].

The fact that these departures are small does not mean they cannot be quantified. A velocity
distribution that is more realistic than the SHM has been developed recently. The SHM++ [459] is not
strictly isotropic and isothermal. It accounts for the Gaia-Enceladus merger by adding to the SHM a
new anisotropic component governed by a single parameter β = 1 − (σ2

θ + σ2
φ)/2σ2

r , where σi are the
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Figure 25: Possible MW velocity distributions as inferred from substructures in Gaia data consistent
with other global constraints on the MW DM halo [475]. Reprinted with permission from [475]. Copy-
right 2020 by the American Physical Society.

velocity dispersions in the spherical galactocentric reference frame:

fa(v) ∝ exp

(
− v2

r

2σ2
r

− v2
θ

2σ2
θ

−
v2
φ

2σ2
φ

)
, σr =

3v2
0

2(3− 2β)
, σθ = σφ =

3(1− β)v2
0

2(3− 2β)
. (15)

The parameter v0 =
√

2σv is the speed of local standard of rest, mentioned above, which determines
the characteristics of the bulk halo in the SHM++, fSHM ∝ exp(−v2/v2

0). The total velocity distribution
according to the SHM++ also requires a relative normalization η to relate the relative contribution of
the anisotropic component: f(v) = (1 − η)fSHM(v) + ηfa(v) [459]. The parameter η ∼ 20% ensures
that the contributions from this anisotropic, phase-space unmixed, component are not dominant [475].

The SHM++ does not account for smaller structures, which may yet be energetically important. For
example, counter-rotating structures can have noticeable effects for dark matter particles with kinetic
energies near experimental thresholds, and thus these structures are especially important for the original
goal of interpreting DM DD experiments [459, 479, 475]. Such small counter-rotating structures have
been identified using a number of methods [448, 449, 278, 475]. We show in Fig. 25 a range of possible
MW velocity distributions including these yet smaller structures as cataloged by [475]. We compare
these semi-empirical f(v) distributions to the SHM++, which itself differs from the SHM.

8 Summary and Future Prospects

In this review we have considered how precision astrometry, particularly from the Gaia space telescope,
has enriched our ability to study the MW, particularly in regards to its dynamical and DM aspects. In
particular, we have reviewed our current understanding of the DM phenomenon as illuminated by the
stellar halo of the Milky Way. Starting from very general principles, we have discussed the structure
and contents of the MW and how the DM is distributed within it.
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We have discussed what we know observationally about the MW halo and the subhalos within it. We
have considered concrete models covering the range from a weakly (or sub-weakly) interacting fermion
(WIMP), to an ultralight boson with a super-saturated phase space density, to a non-luminous massive
compact object, such as a rock, planet, or black hole (MACHO). We have recapped studies of the
impacts of such DM candidates on a variety of stellar systems spanning a huge range of masses.

Cosmological data, primarily astrophysical in nature, show that DM has an overall mass content
within the observable universe of about five times that of the known baryonic matter (stars, gas, and
dust). This DM is largely cold and collisionless (unlike a gas with collisions) and is non-luminous (does
not interact electromagnetically). No clear resolution to the question of the fundamental nature of the
DM has manifested itself despite nearly 90 years of observations since the existence of DM was first
proposed. Here, we have emphasized the essential features of what we consider to be a promising route
to identifying the DM: using observations of motions and distributions of stars in and around the MW
to constrain what we know about how DM is clumped. A minimum clumping scale, if observed, is
inversely related to the mass scale of a DM particle. Studies of star kinematics in globular clusters and
dwarf galaxies suggest a minimum clumping scale could exist at the threshold of our experimental and
theoretical sensitivity, in the range 10−1000 pc, and future work should be able to search for and refine
such a scale, if it exists uniquely.

Studying stellar motions, especially the dispersions of motions, illuminate the total mass distribution
of the MW, because the virial theorem dictates that these motions are determined by the entire mass
enclosed by their orbit, including the invisible DM. In this review, we have reviewed the theoretical
foundation of such searches, and we have gone beyond studies of stellar motion to consider the study
of number counts of stars in balanced volumes of space. We have shown that such counts are a
powerful probe of the symmetry of the underlying matter distribution. Any observed breaking of
such symmetries, even at the 1% level, can lead to important insights about the distribution and extent
of unseen DM on sub-galactic scales. Upcoming refinements to the already essential Gaia data on
MW stellar kinematics, combined with photometric stellar population information from optical surveys
at the Rubin observatory and from other complementary surveys, and even multimessenger studies of
compact astrophysical objects, will continue to provide datasets capable of further constraining DM
properties. The future of the study of the DM halo of the MW promises to continue to grow ever more
illuminated by these studies.
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N. Bach, S. G. Baker, L. Balaguer-Núñez, C. Barache, C. Barata, A. Barbier, F. Barblan, M. Ba-
roni, D. Barrado y Navascués, M. Barros, M. A. Barstow, U. Becciani, M. Bellazzini, G. Bellei,
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A. Jorissen, F. Julbe, A. Karampelas, A. Kochoska, R. Kohley, K. Kolenberg, E. Kontizas, S. E.
Koposov, G. Kordopatis, P. Koubsky, A. Kowalczyk, A. Krone-Martins, M. Kudryashova, I. Kull,
R. K. Bachchan, F. Lacoste-Seris, A. F. Lanza, J. B. Lavigne, C. Le Poncin-Lafitte, Y. Lebre-

48

https://doi.org/10.3847/1538-4365/aae9f0


ton, T. Lebzelter, S. Leccia, N. Leclerc, I. Lecoeur-Taibi, V. Lemaitre, H. Lenhardt, F. Leroux,
S. Liao, E. Licata, H. E. P. Lindstrøm, T. A. Lister, E. Livanou, A. Lobel, W. Löffler, M. López,
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L. Bianchi, O. Bienaymé, S. Blanco-Cuaresma, T. Boch, C. Boeche, A. Bombrun, R. Borrachero,
D. Bossini, S. Bouquillon, G. Bourda, A. Bragaglia, L. Bramante, M. A. Breddels, A. Bressan,
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W. O’Mullane, C. Ordénovic, D. Ordóñez-Blanco, P. Osborne, C. Pagani, I. Pagano, F. Pailler,
H. Palacin, L. Palaversa, A. Panahi, M. Pawlak, A. M. Piersimoni, F. X. Pineau, E. Plachy,
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T. Sagristà Sellés, J. Sahlmann, J. Salgado, E. Salguero, N. Sanna, T. Santana-Ros, M. Sarasso,
H. Savietto, M. Schultheis, E. Sciacca, M. Segol, J. C. Segovia, D. Ségransan, I. C. Shih, L. Siltala,
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 L. Wyrzykowski, A. Yoldas, M. Žerjal, H. Ziaeepour, J. Zorec, S. Zschocke, S. Zucker, C. Zurbach,
and T. Zwitter. Gaia Data Release 2. Summary of the contents and survey properties. A&A,
616:A1, August 2018, doi:10.1051/0004-6361/201833051, 1804.09365.

[28] F. Arenou, X. Luri, C. Babusiaux, C. Fabricius, A. Helmi, T. Muraveva, A. C. Robin, F. Spoto,
A. Vallenari, T. Antoja, et al. Gaia data release 2-catalogue validation. Astronomy & Astrophysics,
616:A17, 2018, doi:10.1051/0004-6361/201833234.

[29] Austin Hinkel, Susan Gardner, and Brian Yanny. Probing axial symmetry breaking in the
galaxy with gaia data release 2. The Astrophysical Journal, 893(2):105, 2020, doi:10.3847/1538-
4357/ab8235.

52

https://doi.org/10.1051/0004-6361/201833051
https://doi.org/10.1051/0004-6361/201833234
https://doi.org/10.3847/1538-4357/ab8235
https://doi.org/10.3847/1538-4357/ab8235


[30] Catherine Zucker, Joshua S. Speagle, Edward F. Schlafly, Gregory M. Green, Douglas P.
Finkbeiner, Alyssa Goodman, and João Alves. A compendium of distances to molecular clouds in
the Star Formation Handbook. A&A, 633:A51, January 2020, doi:10.1051/0004-6361/201936145,
2001.00591.

[31] Andrzej K. Drukier, Katherine Freese, and David N. Spergel. Detecting cold dark-matter candi-
dates. Phys. Rev. D, 33(12):3495–3508, June 1986, doi:10.1103/PhysRevD.33.3495.

[32] David H. Weinberg, James S. Bullock, Fabio Governato, Rachel Kuzio de Naray, and Annika H. G.
Peter. Cold dark matter: Controversies on small scales. Proceedings of the National Academy of
Science, 112(40):12249–12255, October 2015, doi:10.1073/pnas.1308716112, 1306.0913.

[33] James S. Bullock and Michael Boylan-Kolchin. Small-Scale Challenges to the ΛCDM Paradigm.
ARA&A, 55(1):343–387, August 2017, doi:10.1146/annurev-astro-091916-055313, 1707.04256.

[34] Joss Bland-Hawthorn and Ortwin Gerhard. The Galaxy in Context: Structural, Kinematic, and
Integrated Properties. ARA&A, 54:529–596, Sep 2016, doi:10.1146/annurev-astro-081915-023441,
1602.07702.

[35] Mehran Kardar. Statistical Physics of Particles. Cambridge University Press, 1 edition, 2007.

[36] G. F. Bertsch, H. Kruse, and S. Das Gupta. Boltzmann equation for heavy ion collisions.
Phys. Rev. C, 29(2):673–675, February 1984, doi:10.1103/PhysRevC.29.673.

[37] H. Kruse, B. V. Jacak, J. J. Molitoris, G. D. Westfall, and H. Stöcker. Vlasov-uehling-uhlenbeck
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Pietrukowicz, Micha l K Szymański, Rados law Poleski, Szymon Koz lowski, and Krzysztof Ulaczyk.
Rotation curve of the milky way from classical cepheids. The Astrophysical Journal Letters,
870(1):L10, 2019, doi:10.3847/2041-8213/aaf73f, 1810.02131.

[98] Rob P. Olling and Michael R. Merrifield. Two measures of the shape of the dark halo of the
Milky Way. MNRAS, 311(2):361–369, January 2000, doi:10.1046/j.1365-8711.2000.03053.x, astro-
ph/9907353.

[99] E. S. Levine, Leo Blitz, and Carl Heiles. The Vertical Structure of the Outer Milky Way H I Disk.
ApJ, 643(2):881–896, June 2006, doi:10.1086/503091, astro-ph/0601697.

[100] P. M. W. Kalberla, L. Dedes, J. Kerp, and U. Haud. Dark matter in the Milky Way. II. The
HI gas distribution as a tracer of the gravitational potential. A&A, 469(2):511–527, July 2007,
doi:10.1051/0004-6361:20066362, 0704.3925.

[101] C. Alard. Flaring and warping of the milky way disk: not only in the gas. arXiv preprint
astro-ph/0007013, 2000.

[102] Deborah Ferguson, Susan Gardner, and Brian Yanny. Milky Way Tomography with K and
M Dwarf Stars: The Vertical Structure of the Galactic Disk. ApJ, 843(2):141, July 2017,
doi:10.3847/1538-4357/aa77fd, 1706.01900.

[103] Xiaodian Chen, Shu Wang, Licai Deng, Richard de Grijs, Chao Liu, and Hao Tian. An intuitive 3D
map of the Galactic warp’s precession traced by classical Cepheids. Nature Astronomy, 3:320–325,
February 2019, doi:10.1038/s41550-018-0686-7, 1902.00998.

[104] Dorota M. Skowron, Jan Skowron, Przemek Mróz, Andrzej Udalski, Pawe l Pietrukowicz, Igor
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[266] Ana Bonaca, Marla Geha, Andreas H. W. Küpper, Jürg Diemand, Kathryn V. Johnston, and
David W. Hogg. Milky Way Mass and Potential Recovery Using Tidal Streams in a Realistic
Halo. ApJ, 795(1):94, November 2014, doi:10.1088/0004-637X/795/1/94, 1406.6063.

[267] S. L. J. Gibbons, V. Belokurov, and N. W. Evans. ‘Skinny Milky Way please’, says Sagittarius.
MNRAS, 445(4):3788–3802, December 2014, doi:10.1093/mnras/stu1986, 1406.2243.

[268] Adrian M. Price-Whelan, David W. Hogg, Kathryn V. Johnston, and David Hendel. Inferring the
Gravitational Potential of the Milky Way with a Few Precisely Measured Stars. ApJ, 794(1):4,
October 2014, doi:10.1088/0004-637X/794/1/4, 1405.6721.

[269] A. Bowden, V. Belokurov, and N. W. Evans. Dipping our toes in the water: first models of GD-1
as a stream. MNRAS, 449(2):1391–1400, May 2015, doi:10.1093/mnras/stv285, 1502.00484.
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lokurov, P. Bendjoya, A. Berihuete, L. Bianchi, O. Bienaymé, F. Billebaud, N. Blagorodnova,
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