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The Dark Matter Halo 

Image: NASA



The Dark Matter Halo
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Rubin and Ford (1970); Roberts and Whitehurst (1975); Rubin, Thonnard and Ford (1980);  Bosma (1981) 



Halo A flat rotation curve implies that the 
enclosed mass scales as

M(r) / r

Dark matter forms a halo as it interacts 
weakly and is non-dissipative

relevant scales
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The Dark Matter Halo



Dark Matter Direct Detection

Image: SLAC
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Dark matter can scatter off a nucleus in a detector to 
yield an observable nuclear recoil

Scattering rate depends on the local dark 
matter number density and velocity distribution

Rate = n� h� v�i
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The Dark Matter Halo v1.0
Treat the dark matter as a collision-less fluid with phase space distribution

f(x,p, t)

conservation of fluid mass
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steady state 
isotropic velocities 
flat rotation curve 

additional assumptions

isothermal densityMaxwell-Boltzmann

Ostriker, Peebles, and Yahil (1974); Bahcall and Soneira (1980); Caldwell and Ostriker (1981); Drukier, Freese, and Spergel (1986)
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Simulated Galaxy Formation
Stellar Structure Evolution in the FIRE Simulation 

Hopkins et al. (2015)

Video by Shea Garisson-Kimmel, 
http://www.tapir.caltech.edu/~sheagk/firemovies.html 
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Dark Matter Direct Detection

The Milky Way’s merger history shapes the local dark matter distribution
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Dark Matter Direct Detection

The Milky Way’s merger history shapes the local dark matter distribution

History A could lead to higher scattering rates in experiments
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Minimum dark matter speed required to 
give nucleus sufficient kick



How is the local dark matter distribution built up?



satellite galaxy

Galactic Cannibalism

Image: ESO/NASA/JPL-Caltech/M.Kornmesser/R. Hurt

Strong tidal forces strip dark matter off an infalling satellite galaxy



Galactic Cannibalism

Soon after infall, tidal debris is clustered in position and velocity

e.g., tidal stream
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Zemp et al. (2009); Vogelsberger et al. (2009); Diemand et al. (2008)
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Velocity substructure can survive after many orbital wraps

ML and Spergel, Phys. Dark Univ. [1105.4166]; Kuhlen, ML, and Spergel, PRD [1202.0007]; ML, Spergel, and Madau, ApJ [1410.2243]
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ML and Spergel, Phys. Dark Univ. [1105.4166]
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15� 30 kpc
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Via Lactea N-body Simulation 
  

(Dark Matter Only) 



Galactic Cannibalism

Long after infall, tidal debris becomes fully phase mixed
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e.g., virialized halo
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Stars are also stripped from merging satellites

Visible tracers for the underlying dark matter



Stellar Tracers for Dark Matter

Herzog-Arbeitman, ML, Madau,and Necib, PRL [1704.04499]; Herzog-Arbeitman, ML, and Necib, JCAP [1708.03635]

Simulations demonstrate that stars and dark matter from old mergers 
follow similar trajectories in a Galaxy
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The Gaia Mission 

Gaia is the follow-up astrometric survey to the Hipparcos mission (1989-1993)

Provides measurements for over a billion stars, ~1% of the Milky Way’s stars

Launched December 2013; second data release April 2018 

Gaia Collaboration  [1804.09365] 





Milky Way Archaeology

Geometry, Environment, 
Radioactive Dating, …



Milky Way Archaeology

Images: ESA/Gaia/DPAC (left), John Lomberg (right)

Stellar Chemical Abundance,  
Phase-space Distribution, …



Metallicity 
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Figure 9. The stellar mass–stellar metallicity relation for Local Group dwarf galaxies (left) and more massive SDSS galaxies galaxies
(right, Gallazzi et al. 2005). The Local Group metallicities (⟨[Fe/H]⟩) were measured from iron lines, and the SDSS metallicities (logZ∗)
were measured from a combination of absorption lines, mostly Mg and Fe. The conversion between ⟨[Fe/H]⟩ and logZ∗ depends on [Mg/Fe].
The Local Group data is the same as in Figure 8, but it is plotted here versus stellar mass rather than luminosity. The dashed line is the
least-squares fit to the Local Group galaxies (Equation 4, where the intercept is calculated at 106 M⊙), and the dotted line in the right
panel is the moving median for the SDSS galaxies. Although the techniques at measuring both mass and metallicity differ between the two
studies, the mass–metallicity relation is roughly continuous over nine orders of magnitude in stellar mass.

different and because their error bars are larger. Includ-
ing them changes the slope and intercept by less than
the uncertainties quoted in Equation 1. The rms of the
MW dSphs about Equation 1 is 0.17.
The LZR for the dIrrs is

⟨[Fe/H]⟩dIrr = (−1.58± 0.04)+(0.21± 0.02) log

(

LV

106 L⊙

)

.

(2)
The rms of the dIrrs about Equation 2 is 0.09. The rms
of the dIrrs about Equation 1 is 0.12. The dIrrs have
a smaller scatter than dSphs about the best-fit line for
dSphs.
We conclude that dIrrs are not deviant from the LZR

defined by MW dSphs. Both types of galaxies obey the
same relation. The least-squares fit for the dIrrs and
MW dSphs, again excluding Segue 2, is

⟨[Fe/H]⟩ = (−1.68± 0.03)+(0.29± 0.02) log

(

LV

106 L⊙

)

.

(3)
The rms about the best-fit line is 0.16. Equation 3 is the
dashed line in Figure 8.
Luminosity is a direct observable, but stellar mass is

more closely related to chemical evolution. The mass-
to-light ratio depends on the SFH. Woo et al. (2008)
calculated M∗/LV for the brighter MW dSphs and the
LG dIrrs in two ways. They used modeled SFHs (Mateo
1998), or they converted integrated galaxy colors into
mass-to-light ratios based on stellar population models
(Bell & de Jong 2001; Bell et al. 2003). Generally, they
preferred the SFH-based masses, but sometimes only
integrated colors were available. For the fainter MW
dSphs, we adopted Martin et al.’s (2008) stellar masses,
which were based on modeling the distribution of stars
in the CMD for each galaxy. Table 4 includes the stel-

Kirby et al. (2013)

Link stars with similar chemical abundance 
to a parent satellite

satellite galaxy

The average stellar metallicity of a satellite galaxy is correlated with its stellar mass
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Their velocity and spatial distributions also differ from disk stars
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r = 10 kpc
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The Local Neighborhood
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The Gaia Sausage

Gray: Milky Way stars    Red: Accreted stars

Belokurov et al. (2018); Deason et al. (2018); Myeong et al. (2018); Helmi et al. (2018); Lancaster et al. (2018)

Video: Denis Erkal

Accreted stellar population is dominated by the debris of a single large merger
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Revisit assumptions about the dark matter distribution in light of new results from Gaia

Dark Matter, All Mixed Up

Need to separate the following stellar populations:

Disk stars
unrelated to dark matter

Accreted stars
trace dark matter halo & substructure 

SDSS-Gaia DR2 cross-match

Necib, ML, and Belokurov [1807.02519]

r 2 [7.5, 8.5] kpc
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Dark Matter, All Mixed Up

SDSS-Gaia DR2 cross-match
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Disk stars
unrelated to dark matter

Accreted stars
trace dark matter halo & substructure 

Revisit assumptions about the dark matter distribution in light of new results from Gaia

Need to separate the following stellar populations:

Necib, ML, and Belokurov [1807.02519]



A Story of Three Populations
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Necib, ML, and Belokurov [1807.02519]
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Necib, ML, and Belokurov [1807.02519]
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Necib, ML, and Belokurov [1807.02519]
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Radial lobes correspond to debris stripped from satellite as it moves towards/away  
from the Galactic Center

Halo and substructure exhibit no spatial features within region studied

Necib, ML, and Belokurov [1807.02519]



Example Stellar Orbits
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Orbits of the disk, halo, and substructure stars look quite different 

Necib, ML, and Belokurov [1807.02519]



Not that ‘Sub’ of a Structure

Substructure comprises approximately ~60% of the accreted stellar population
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Dark Matter Implications



The Old Debris Flow

satellite galaxy
FIRE Simulation (m12i)

Necib, ML, Garisson-Kimmel, et al. (2018) in prep.

Stellar debris from older mergers tracks the dark matter very well

Okay to infer dark matter distribution from observed stellar debris flow
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The Very Old Halo

FIRE Simulation (m12i)

The stellar halo traces the virialized dark matter halo
…rather miraculous given that this sums over all the early accretion events

Herzog-Arbeitman, ML, Madau,and Necib, PRL [1704.04499]
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Necib, ML, Garisson-Kimmel, et al. (2018) in prep.



Putting it All Together
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Putting it All Together
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Local  
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fh,s are order-1 factors that account for different mass-to-light ratios of satellites
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The Likelihood

5

Parameter Type Priors

Disk Halo Sub

µr linear [�70, 70] [�70, 70] [0, 250]

µ✓ linear [�70, 70] [�70, 70] [�70, 70]

µ� linear [0, 300] [�70, 70] [�70, 70]

�r,✓,� linear [0, 200] [0, 200] [0, 200]

⇢r✓,r�,✓� linear [�1, 1] [�1, 1] [�1, 1]

µ[Fe/H] linear [�1.5, 0.5] [�3, �1] [�3, �1]

�[Fe/H] linear [0, 2] [0, 2] [0, 2]

Q linear — [0, 1] [0, 1]

Table 1. Parameters and associated prior types/ranges for
the disk, halo, and substructure populations.

mon apocenter at r ⇠ 20 kpc (Deason et al. 2018). This
radius is coincident with the observed break in the Milky
Way’s stellar density distribution (Deason et al. 2013),
suggesting that the radial stellar population is the tidal
debris of a recent and large merger that dominates the
inner halo. This hypothesis is further supported by sim-
ulations showing that shells can form near the apocenter
of such orbits, creating density breaks (Johnston et al.
2008; Cooper et al. 2010).
If the radial substructure is indeed associated with a

large merger, one might expect that globular clusters
were also stripped from the satellite progenitor as it
was disrupted. Indeed, a number of globular clusters on
highly radial orbits were recently identified that may be
associated with the large merger(s) causing the sausage-
like feature in the SDSS-Gaia data (Myeong et al. 2018).
The number of these clusters suggests a total progenitor
mass of ⇠ 1010 M�; their tracks in age-metallicity space
bound the maximum infall redshift less than ⇠ 3.
These new results have direct implications for the local

DM distribution. Previous work demonstrated that the
virialized DM component is traced by the most metal-
poor stars in the Milky Way—this corresponds to the
population that we refer to as the halo here (Herzog-
Arbeitman et al. 2017a). Additionally, the kinematic
substructure observed in the data is highly reminiscent
of debris flow (Lisanti & Spergel 2012; Kuhlen et al.
2012). Indeed, a study of the stellar halo in Via Lactea

(where star particles were painted onto the most bound
DM particles in subhalos) found precisely the same kind
of radial substructure becoming apparent in the SDSS-
Gaia data, and that the kinematics of the accreted stars
correlate with that of the DM debris (Lisanti et al. 2015).
Therefore, if we want to infer the kinematic properties
of the local DM, we will need to model the velocities of
the halo and substructure populations.

2.3. Likelihood Procedure

To isolate the accreted stellar population, we can place
a hard upper cut-o↵ on the metallicity of the sample.
The downside to this conservative approach is that it ig-
nores the high-metallicity tail of the accreted stellar dis-
tribution that overlaps with disk stars. For this reason,
we use a mixture model analysis to statistically identify
the individual populations of accreted stars over the full
metallicity range of the sample.
Each star, labeled by the index i, is associated with

a set of observable quantities such as its velocity and
metallicity, Oi = (vi, [Fe/H]i), as well as the variance
for each. We assign each star a flag j = d, h, s that
designates whether it belongs to the disk, halo, or sub-
structure population, respectively. The likelihood of ob-
serving Oi for a disk star is

pd (Oi | ✓) = N
⇣
vi |µd

,⌃d
i

⌘
N

�
[Fe/H]i | µ

d
[Fe/H]

, �
d
[Fe/H],i

�
,

(1)

where ✓ is the set of free parameters and N denotes
the normal distribution. The set ✓ includes the veloc-
ity distribution mean µd and covariance matrix ⌃d

i , as
well as the metallicity distribution mean µ

d
[Fe/H]

and dis-
persion �

d
[Fe/H],i. The covariance matrix depends on the

individual velocity dispersions �r,✓,� as well as the cor-
relation coe�cients ⇢r✓, ⇢r�, ⇢✓�. Note that the velocity
covariance matrix and the metallicity dispersion vary be-
tween stars because the observed covariance depends on
the true value and the measurement error—specifically,
⌃obs = ⌃true + ⌃err. There are eleven parameters as-
sociated with this model. The likelihood for a halo star
is also given by (1), except with d ! h, and thus comes
with an additional eleven parameters.
Modeling the substructure population is more chal-

lenging as initial evidence suggests that its radial veloc-
ities are non-Gaussian (Belokurov et al. 2018b). There-
fore, we assume that the velocities are a sum of two mul-
tivariate normal distributions with equivalent parame-
ters, except for equal and opposite mean in vr:

ps (Oi | ✓) =
1

2
[N

�
vi|µs̃

,⌃s
i

�
+ N (vi|µs

,⌃s
i ) ]

⇥ N
�
[Fe/H]i | µ

s
[Fe/H]

, �
s
[Fe/H],i

�
, (2)

where µs̃ = (�µr, µ✓, µ�)s. This model can vary over
unimodal and bimodal distributions in vr. For example,
when µ

s
r ! 0, (2) approaches a single Gaussian distri-

bution peaked at zero. In the limit where µ
s
r � �

s
r

and µ
s
r 6= 0, then the radial lobes are very pronounced.

If, in contrast, µ
s
r ⌧ �

s
r , then the overlap between the

two lobes increases and the radial velocity distribution
is more box-like. We assume that the radial lobes, if
present, are symmetric about vr = 0 km/s, as this would
be expected if the tidal debris originates from a satel-
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is more box-like. We assume that the radial lobes, if
present, are symmetric about vr = 0 km/s, as this would
be expected if the tidal debris originates from a satel-

6

Figure 3. Posterior distributions of the spherical Galactocentric velocities and metallicity for the SDSS-Gaia DR2 sample in
the region with r 2 [7.5, 8.5] kpc and |z| > 2.5 kpc (clockwise from top left: vr, v✓, [Fe/H], and v�). In each panel, the disk, halo,
and substructure distributions are shown as solid green, dashed red, and dotted blue lines, respectively. The data is represented
by gray histograms.

lite as it moves towards (vr < 0) and then away from
(vr > 0) the Galactic Center.4

The likelihood for the complete set of N stars is

p ({Oi} | ✓)=
NY

i=1

X

j=d,h,s

Qj pj (Oi | ✓) , (3)

where the brackets around the Oi indicate the full list
of N values. Qj is the probability that the star belongs
to the j

th population; these represent two additional
parameters in the model, as Qh = 1 � Qd � Qs.
We use emcee (Foreman-Mackey et al. 2013) to find

the posterior distributions of all 35 free parameters. In
particular, we use 250 walkers, with 5000 steps, and a

4 For a visual example of the bimodal distribution, we point
the reader to the top left panel of Fig. 6, which we will discuss in
more detail in the following section.

burn-in period of 10000 steps. The priors for the sepa-
rate parameters are provided in Table 1. We perform the
mixture analysis in separate regions within the dashed
aqua box of Fig. 1, which spans from r 2 [7.5, 10.0] kpc
and |z| > 2.5 kpc. We find that the fit is well-behaved
in this radial span, as gauged primarily by its ability to
reproduce the expected properties of the baryonic disk.
Below |z| ⇠ 2.5 kpc, we find a persistent systematic bias
in the fitting procedure that results from modeling the
azimuthal disk velocities as a single Gaussian (Schönrich
& Binney 2012), so we do not present those results here.

3. THE STELLAR DISTRIBUTION

The 95% contours in metallicity–velocity space that
are recovered from the analysis are overlaid on the sepa-
rate panels of Fig. 2. These results apply specifically
to the SDSS-Gaia DR2 sample in the region where
r 2 [7.5, 8.5] kpc and |z| > 2.5 kpc. Clearly, the best-

Disk/Halo

Substructure

Total



The Young Tidal Stream

Dark matter and stars from recent accretion events may not be well-correlated
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The Disk Population
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The Halo Population
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The Substructure Population
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Chemical Abundance

Image: D. Hardy (astroart.org) Image: Chandra

Core-collapse Supernova

Large amounts of !-elements relative to Fe 
Act on shorter timescales 

Thermonuclear Supernova

Large amounts of Fe relative to !-elements 
Act on longer timescales 

Merging galaxies typically only experience a brief period of star formation

Their interstellar medium is dominated by explosions of core-collapse supernova, 
suppressing Fe abundances



Debris Flow in Via Lactea

ML and Spergel, Phys. Dark Univ. [1105.4166] 
Kuhlen, ML, and Spergel, PRD [1202.0007]
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Figure 4. Galactocentric speed (top row), radial velocity (middle row), and tangential velocity (bottom row) distributions for the VL2
stars with [Fe/H] < �1.8 (left column) and [Fe/H] > �1.8 (middle column). The right column shows the corresponding distributions for
the smooth inner halo, obtained from Monte Carlo using (5) and (6). The distributions are divided into radial bins with Rgc = 5–15 kpc
(solid green), 15–30 kpc (dashed orange), 30–45 kpc (dotted yellow). There is a high-metallicity, high-speed contribution observed in VL2
that is not well-accounted for by the smooth-halo observations.

common speed and metallicity. Whether the kinematic
substructure is evident in the stars’ radial or tangential-
velocity components depends on the properties of the
satellites’ orbits.

4. OBSERVATIONAL EVIDENCE

Thus far, we have studied the properties of the VL2
debris flow in the Galactic frame. To compare with ob-
servational studies, however, we need the distributions
in the heliocentric frame. To boost into this frame, we

apply the following transformation:

(ṽx, ṽy, ṽz) = (vx � v�
x , vy � v�

y , vz � v�
z ) , (8)

where
�
v�

x , v�
y , v�

z

�
= (�11.1,�232, 7.25) km/s (Schoen-

rich et al. 2009). (We denote all heliocentric velocities
with a tilde.) It follows that the radial, ṽr, and tangen-
tial, ṽT, velocity components in the heliocentric frame
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Figure 4. Galactocentric speed (top row), radial velocity (middle row), and tangential velocity (bottom row) distributions for the VL2
stars with [Fe/H] < �1.8 (left column) and [Fe/H] > �1.8 (middle column). The right column shows the corresponding distributions for
the smooth inner halo, obtained from Monte Carlo using (5) and (6). The distributions are divided into radial bins with Rgc = 5–15 kpc
(solid green), 15–30 kpc (dashed orange), 30–45 kpc (dotted yellow). There is a high-metallicity, high-speed contribution observed in VL2
that is not well-accounted for by the smooth-halo observations.
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Figure 4. Galactocentric speed (top row), radial velocity (middle row), and tangential velocity (bottom row) distributions for the VL2
stars with [Fe/H] < �1.8 (left column) and [Fe/H] > �1.8 (middle column). The right column shows the corresponding distributions for
the smooth inner halo, obtained from Monte Carlo using (5) and (6). The distributions are divided into radial bins with Rgc = 5–15 kpc
(solid green), 15–30 kpc (dashed orange), 30–45 kpc (dotted yellow). There is a high-metallicity, high-speed contribution observed in VL2
that is not well-accounted for by the smooth-halo observations.

common speed and metallicity. Whether the kinematic
substructure is evident in the stars’ radial or tangential-
velocity components depends on the properties of the
satellites’ orbits.

4. OBSERVATIONAL EVIDENCE

Thus far, we have studied the properties of the VL2
debris flow in the Galactic frame. To compare with ob-
servational studies, however, we need the distributions
in the heliocentric frame. To boost into this frame, we

apply the following transformation:

(ṽx, ṽy, ṽz) = (vx � v�
x , vy � v�

y , vz � v�
z ) , (8)

where
�
v�

x , v�
y , v�

z

�
= (�11.1,�232, 7.25) km/s (Schoen-

rich et al. 2009). (We denote all heliocentric velocities
with a tilde.) It follows that the radial, ṽr, and tangen-
tial, ṽT, velocity components in the heliocentric frame

[Fe/H] > �1.8
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Stellar Debris

Radial-velocity substructure had already been observed in Via Lactea, 
a dark matter-only N-body simulation

‘Painting’ stars onto the dark matter particles in the simulation showed that the 
substructure was also present in the simulated stellar halo


