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Gaia is the first large-scale *phase-space* survey of the Milky Way



Measuring the 3D position and velocity  
of a star in the Milky Way

• Positions 

• distance (parallax) 

• angular sky position (2D) 

• Velocities 

• line of sight (Doppler shift) 

• change in sky position over time (2 angular velocities)
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Measuring the 3D position and velocity  
of a star in the Milky Way



Line up all 
the pictures 
using more 

distant 
background 

stars



Intrinsic velocity

parallax ~ 1/distance


(period = 1 year)

Intrinsic velocity
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Stars in Gaia EDR3  
with 5 of 6 phase-space coords
Stars in Gaia EDR3  
with 6 of 6 phase-space coords

= apparent brightness of star
faintbright

Total sources: 1,811,709,771
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This image is made of 1.8 billion stars!



How far does Gaia see?

Milky Way picture: S. Brunier/ESO; 
Graphic source: ESA

This figure doesn’t really tell the whole story even - Gaia sees 1000x more volume and observes with 1000x better precision than previous experiments 
(Hipparcos)
This data set has transformed our view of the galaxy in the last three years.



The Milky Way’s stars trace its dark matter 
distribution and record its history

100 kpc 100 kpc

Dark Matter (CDM) Stars

FIRE-2 simulation m12i, Wetzel et al 2016 
(Simulated galaxy similar in mass to the MW)

MW provides multiple laboratories for studying dark matter:

* main galaxy: diagnostic of interplay between DM and SM matter (“baryons”); connection to local solar volume -> direct-detection experiment rates;

* Satellites: smaller galaxies with different scales, DM/baryon balance; candidates for indirect detection

* Streams, other things orbiting in halo: sensitive gravitational “antennae” for shape and structure of DM unaffected by baryons



Planck 
Collaboration

Predictions for dark matter around galaxies

•mass, DM-DM cross section 
determine amount of DM 

•Primordial temperature 
(+production mechanism)  
sets minimum mass of halos 

•working assumption: collisionless 
(DM-DM cross section only 
relevant in early universe)

Aquarius A, Springel+ 2008

~1 MpcGravity + Time

⌦Xh2 ⇡ 3⇥ 10�27cm3s�1

h�vi

cosmological simulation is an initial value problem 
cross section sets mass (early universe production) 
CMB sets initial density fluctuations 
concordance model: presume cold collisionless fluid 
discretize EOM on cosmological background 



Different DM theories produce different distributions

Mocz et al. 2017

“BEC” dark matter

CDM with baryons

Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.5 (left to right, then top
to bottom). The image intensity and hue indicate the projected squared dark matter density and the density-weighted mean velocity
dispersion respectively (Springel et al. 2008a). Each panel is 1.5Mpc on a side.

c! 2012 RAS, MNRAS 000, ??–21

“Warm” dark matter

Lovell et al. 2014

BECDM haloes 5
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Figure 1. Volume rendering of the density field in one of our simulations of the formation of a virialized BECDM halo through multiple

mergers. We merge isolated soliton cores (t = 0) until a single bound halo forms, which is characterised by a stable soliton core at the

center of the halo and quantum fluctuations throughout the domain. The volume rendering shows isocontours of density di↵ering by

factors of 10. Insets show projected density in log-space. The bottom panel shows the time evolution of the total energy E, potential

energy W , classical kinetic energy Kv , and quantum gradient energy K⇢ in the simulation.

c� 2017 RAS, MNRAS 000, 1–14

Recently the CDM assumption has been relaxed

The game is then to compare what we observe in the MW to the predictions from these simulations, and there by constrain/rule out DM models.



Some observations have multiple explanations

Galaxy formation links  
dark and standard-model sectors  

through gravity

Horiuchi et al. 2014

Warm dark matter?

WDM 
(6 keV)

CDM

Vmax/Vvir (~ √Mhalo/Mhost)
N
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Wetzel et al. 2016

Reconciling dwarf galaxies with ⇤CDM cosmology 5

�

�

Figure 3. Cumulative number of satellites at z = 0 above a given stellar mass (left) and stellar 3D velocity dispersion (right) in the
Latte simulation (blue) and observed around the Milky Way (MW; dashed) and Andromeda (M31; dotted), excluding the LMC, M33, and
Sagittarius. For both Mstar and �, Latte’s satellites lie entirely between the MW and M31, so Latte does not su↵er from the “missing
satellites” or “too big to fail” problems. Thin curves (right) show Vcirc,max for all dark-matter subhalos in the baryonic (light blue) and
dark-matter-only (DMO; orange) simulations, demonstrating the ⇡3⇥ reduction from baryonic physics.

in galactic gas (see Hopkins et al., in prep.). Indeed,
galaxies in the lower-resolution simulation (small circles)
have even lower [Fe/H], while previous FIRE simulations
of isolated dwarf galaxies at higher resolution agreed bet-
ter with observations (Ma et al. 2016).
Finally, Figure 5 shows the cumulative star-formation

histories of Latte’s satellites, Mstar(z), computed from
their stellar populations at z = 0, along with observed
MW satellites from Weisz et al. (2014). Consistent with
observations, Latte’s satellites show a broad range of his-
tories, and those with higher Mstar(z=0) formed prefer-
entially later. All satellites at Mstar(z=0)<108 M� had
their star formation quenched (stopped) 3�11Gyr ago,
well after cosmic reionization (z>6). However, the most
massive satellite remains star-forming to z = 0, broadly
consistent with the MW, in which only the most mas-
sive satellites (LMC and SMC) remaining star-forming.
Also consistent with the LG, and previous FIRE simula-
tions, almost all of Latte’s isolated dwarf galaxies remain
star-forming to z⇠0. However, 3 at Mstar.2⇥ 105 M�
do quench by z ⇠ 2, likely from a strong burst of feed-
back and/or the ultraviolet background. In Wetzel et al.,
in prep. we will explore in detail the e↵ects of cosmic
reionization, feedback, and environment on these star-
formation histories.

4. CONCLUSION

We presented the first results from the Latte Project:
an unprecedentedly high-resolution simulation of a
MW-mass galaxy within ⇤CDM cosmology, run us-
ing GIZMO with the FIRE-2 model for star forma-
tion/feedback. Latte produces a realistic population of
satellite and isolated dwarf galaxies, consistent with sev-
eral observations within the LG: (1) distributions of stel-
lar masses and velocity dispersions (dynamical masses),
including their joint relation; (2) the Mstar-stellar metal-
licity relation; and (3) a diverse range of star-formation
histories, including dependence on Mstar. Critically,
Latte’s dwarf galaxies do not su↵er the “missing satel-
lites” or “too big to fail” problems, down to Mstar &

105 M� and �velocity,star & 8 km s�1. Because the dark-
matter-only simulation su↵ers from both, we conclude
that baryonic physics can account for these observations
and thus reconcile dwarf galaxies with standard ⇤CDM
cosmology.
This observational agreement arises for primarily two

reasons. First, as demonstrated for isolated dwarf galax-
ies, FIRE’s stellar feedback can generate dark-matter
cores (Oñorbe et al. 2015; Chan et al. 2015), reduc-
ing dynamical masses and thus stellar velocity disper-
sions. Second, the baryonic simulation contains signif-
icantly (⇡ 3⇥) fewer subhalos at fixed Vcirc,max within
dhost<300 kpc than dark-matter-only, because the host’s
stellar disk destroys subhalos, as we quantify in Garrison-
Kimmel et al., in prep.
We find no significant discrepancies with observed

dwarf galaxies, at least at Mstar & 106 M�, where Latte
resolves star-formation/enrichment histories well. We
will examine additional properties of dwarf galaxies in
future works, to further explore both these successes and
any potential discrepancies.

We thank Andrew Benson, Mike Boylan-Kolchin,
James Bullock, Aflis Deason, Shea Garrison-Kimmel,
Marla Geha, Evan Kirby, Robyn Sanderson, Josh Si-
mon, Erik Tollerud, Risa Wechsler for enlightening dis-
cussions, Dan Weisz for sharing observations, and Peter
Behroozi for sharing rockstar. We acknowledge sup-
port from: Moore Center for Theoretical Cosmology and
Physics at Caltech (A.R.W.); Sloan Research Fellowship,
NASA ATP grant NNX14AH35G, NSF Collaborative
Research grant 1411920 and CAREER grant 1455342
(P.F.H.); Einstein Postdoctoral Fellowship, NASA grant
PF4-150147 (J.K.); NSF grants AST-1412836 and AST-
1517491, NASA grant NNX15AB22G, and STScI grant
HST-AR-14293.001-A (C.-A.F.-G.); NSF grant AST-
1412153 and funds from UCSD (D.K.); NASA ATP
grant 12-APT12-0183 and Simons Foundation Investi-
gator award (E.Q.). We used computational resources

Or reionization+stellar feedback?

CDM 
only

M31

Milky 
Way

(~ √Mhalo)

CDM & 
baryons

Ex: the “missing satellites problem”

x axes are proxies for mass 
however one can also fix this problem with standard-model physics 



How do we disentangle  

“new physics”  

(the identity of the DM particle) 

from 

“poorly understood physics”  

(links between DM halos  
and galaxy formation processes)?

Gaia helps because it measures both *positions* of stars ( = light distribution) and *velocities* of stars (= mass distribution) 
Cosmological simulations that incorporate both are key to interpreting those measurements



Movie by Shea Garrison-Kimmel

FIRE-2 simulation m12i, Wetzel et al 2016 
(Simulated galaxy similar in mass to the MW)

We also need simulations because the galaxy is not a static system, posing challenges for the dynamical models used to infer the DM distribution. This is a big theme of 
discoveries with Gaia.



The Milky Way is not in equilibrium
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Figure 1. Distribution of stars in the vertical position-velocity plane from Gaia DR2 data. The
panels are for stars in our sample located at 8.24 < R < 8.44kpc. a) Two-dimensional histogram in bins
of DZ = 0.01kpc and DVZ = 0.1kms�1, with the darkness being proportional to the number of counts.; b)
Z-VZ plane coloured as a function of median VR in bins of DZ = 0.02kpc and DVZ = 1kms�1; c) Same as
b) but for Vf .

Figure 2. Distribution of azimuthal velocities as a function of Galactocentric radius from Gaia
DR2 data. Two-dimensional histogram for all observed stars in our sample with 6D phase space
coordinates in bins of DVf = 1.kms�1, and DR = 0.01kpc. Vf is positive towards the Galactic rotation
direction.
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Figure 2: 3-D distribution of local clouds. The position of the Sun is marked with a ⊙. The size of the 
symbols is proportional to column density. The red points were selected by a fitting algorithm, as 
described in the Supplementary methods section. These describe a spatially and kinematically 
coherent structure we term the Radcliffe Wave (possible models are shown in black in the bottom-
right). The grayscale on the XY panel show an integrated dust map17 (-300 < Z < 300 pc), that 
indicates that our sample of clouds distances is essentially complete. To highlight the undulation 
and co-planarity of the structure, the right panels show projections in which the XY frame has been 
rotated anticlockwise by 33∘ (top) and clockwise 120∘ (bottom) for an observer facing the Galactic 
anti-center. The 1σ statistical uncertainties (usually 1 - 2% in distance) are represented by line 
segments, which are usually smaller than the symbols. There is an additional systematic uncertainty 
which is estimated to be ≈ 5% in distance10. For an interactive version of this figure, including extra 
layers not shown here (e.g. model of the Gould’s Belt, log-spiral arm fits), see 
https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/radwave.html. 

 

Methods 

Distances. 

Distances were determined for 326 sightlines through major local molecular clouds and 54 
“bridging” sightlines in-between molecular clouds coincident with the projected structure of the 
Radcliffe Wave. The methodology used to obtain the distances and the full catalog of sightlines for 
the major clouds are presented in complementary work10, 12. Sightlines for the major clouds were 
chosen to coincide with star-forming regions in the Star Formation Handbook11, which is considered 
to be the most comprehensive resource on individual low- and high-mass star forming regions out to 
2 kpc. Sightlines for the tenuous connections were chosen in 2-D to coincide with structures (e.g. 
diffuse filamentary “bridges”; see Figure 1) which appeared to span the famous star-forming regions 
on the plane-of-the-sky without a priori knowledge of their distances. These were later used to 
validate the 3-D modeling, which did not incorporate these distances.  

Mass. 

We estimate the mass of the Wave to be about 3 × 106 M ⊙ using the Planck column density map 
shown in Figure 1. To estimate the total mass, we first defined the extent and depth for each 
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Figure 1. Discovery of Antlia 2 in the Gaia DR2 data. Left: Proper motion and CMD-filtered stars in a ⇠ 100 deg2 region around
Ant 2. The gigantic elongated overdensity in the center is easily visible once the proper motion, the CMD and the parallax cuts (see
main text) are applied. Red and orange filled circles, for stars with heliocentric distances larger than 70 kpc, and between 55 and 70 kpc,
respectively, show the position of the four RRL that we originally used to find Ant 2 (see Section 2.3 and Figure 3 for more details).
Middle: CMD of the Gaia DR2 stars within the half-light radius of Ant 2 filtered by proper motion, featuring an obvious RGB at a
distance of ⇠ 130 kpc. Right: Stellar PMs within the half-light radius selected using their position on the CMD, highlighting a clear
overdensity around 0. In each panel, red dashed lines show the selection boundaries used to pick out the likely satellite members.

galaxies (see, e.g. El-Badry et al. 2016; Di Cintio et al. 2017;
Chan et al. 2018).

This Paper is organized as follows. Section 2 gives the
details of the search algorithm and archival imaging process-
ing; it also describes the modelling of the structural prop-
erties of the system and the estimates of its distance. Sec-
tion 3 presents the analysis of the spectroscopic follow-up
as well as the details of the kinematic modelling. Section 4
compares the new satellite to the population of previously
known Milky Way dwarfs, and gives an interpretation of its
DM properties. Concluding remarks can be found in Sec-
tion 5.

2 THE HIDDEN GIANT

2.1 Discovery in Gaia DR2

Gaia DR2 boasts many unique properties that allow one to
study the outskirts of the Milky Way as never before. Per-
haps the most valuable of these is the wealth of high-quality
all-sky proper motion (PM) information. Gaia’s astrometry
makes it possible to filter out nearby contaminating popula-
tions, revealing the distant halo behind them. Halo studies
are further boosted by the use of Gaia’s variable star data,
specifically the RR Lyrae (RRL) catalogue (see Holl et al.
2018, for details), which provides precise distances out to
(and slightly beyond) ⇠100 kpc. RRLs are the archetypal
old, metal-poor stars, and hence a perfect tracer of the Milky
Way’s halo, including the dwarf satellite galaxies residing in
it. Indeed, all but one dSph (Carina III, see Torrealba et al.
2018b, for further discussion) that have been studied so far
contain at least one RRL (Baker & Willman 2015). This
makes searches for stellar systems co-distant with RRLs a
plausible means to probe for low surface brightness Milky
Way halo sub-structure (see, e.g. Sesar et al. 2014; Baker
& Willman 2015).

In this work, we combine the use of both Gaia’s astrom-
etry and its RRL catalogues to look for previously unknown
MW satellites. We use a clean sample of RRLs from the
gaiadr2.vari rrlyrae table provided by Gaia DR2, and look
for overdensities of stars with the same proper motions as
the RRL considered. Specifically, we first estimate the RRL
distance modulus as

Dh = hGi � 3.1
AG

AV

E(B � V )� 0.5, (1)

where hGi is the intensity-averaged G magnitude, E(B-V)
is taken from the Schlegel et al. (1998) extinction map, and
AG/AV = 0.859 is the extinction coe�cient for the Gaia

G band (Malhan et al. 2018)1. For simplicity we assumed
an absolute magnitude for the RRL of 0.5 (but see Iorio &
Belokurov 2019). Then, we cleaned up the RRL sample by
removing stars with astrometric excess noise larger than 1,
and reduced the sample to search only around stars that
have Dh > 50 and that are at least 15 degrees away from
the LMC and SMC. The stars selected for the overdensity
search were taken in a 2 degree radius from the central RRL.
Only stars with PMs consistent - within the uncertainties -
with the central RRL PM were considered. Additionally, we
removed stars with low heliocentric distances by applying a
cut on parallax of $ > 0.5.

Specifically, the overdensity search was performed as
follows. We counted the number of the previously selected
stars within circular apertures ranging in radius from 10 to

1 The coe�cients for the BP and RP used to create figure 1 are
ABP

/AV = 1.068 and ARP
/AV = 0.652(Malhan et al. 2018).

Note, however, that reddening corrections have a typical uncer-
tainty of around 10%, owing to both the scatter in the fit of the
extinction coe�cient, and the variability of RV (see Appendix B
of Schlegel et al. 1998, for further details.).

MNRAS 000, 1–24 (2018)

Perturbing satellite Antlia 2, discovered in Gaia DR2 
(Torrealba+ 2019) 
Likely responsible for outer disk perturbations  
(Chakrabarti+ 2019)


Sagittarius galaxy (e.g. Laporte+ 2019ab, Filho+ 2021 )  
likely responsible  for inner disk perturbations

Evidence from Gaia in stellar disk

And evidence in gas disk

Gaia has established a new picture of our galaxy as a system in disequilibrium - disk bombarded by satellites, leading to asymmetries, waves, and non-equilibrium 
distributions. These are both challenges to the status quo for models (which was to assume tracers in eq), and opportunities for new paradigms. Many disturbances are 
fundamentally cosmological - satellite intxns have to do with accretion history of the galaxy 



The Milky Way’s dark matter distribution 
constrains particle models of dark matter 

in multiple ways

• Local density: needed to interpret direct-detection 
measurements


• Total mass: sets comparisons to simulations


• Shape: information about DM self-interactions, impact of 
baryon-DM crosstalk


• Lumpiness: sensitive to primordial DM temperature / 
nature of DM interactions

Gaia’s dynamical snapshot lets us model the *total* mass distribution, and its survey of the galaxy stars helps us figure out what fraction of that mass is luminous vs dark. 
There have thus been many efforts to map the MW’s DM distribution using Gaia data. There’s no way I can get to all of them and I apologize in advance to those I miss. 
These efforts are connected in turn to particle models of DM through the types of simulations I just described. I’ll try to highlight these few in the time I have left.



The Milky Way’s dark matter distribution 
constrains particle models of dark matter 

in multiple ways

• Local density: needed to interpret direct-detection 
measurements


• Total mass: sets comparisons to simulations


• Shape: information about DM self-interactions, impact of 
baryon-DM crosstalk


• Lumpiness: sensitive to primordial DM temperature / 
nature of DM interactions



Pre-Gaia
See Read 2014 for review (Journal of Physics G, 41(6), 063101)

• Assume Milky Way disc is in equilibrium + apply Jeans equations 
-> total mass


• Take a census of local stars, model stellar populations to get M/L 
-> mass in stars


• Do a radio survey to estimate mass of local gas (mostly H)  
-> mass in gas


• MDM = Mtot - Mstars - Mgas

Problems: equilibrium, incomplete survey footprint at enough wavelengths, “invisible” gas


necib+2019ab,  {42}-22+26 % not in equilibrium (ostdiek+2020 to ID halo)

chakrabarti+2020 a_z at |z|>2kpc, ravi+ 2019, silverwood & Easther 2019 a_los



Gaia challenged these assumptions

– 2 –

near the Sun are associated with a single large kinematic structure that has slightly retrograde

mean motion and which dominates the Hertzsprung-Russell diagram’s (HRD) blue sequence

revealed in the Gaia data.12 This large structure is readily apparent (in blue) in Fig. 1a,

which shows the velocity distribution of stars (presumably belonging to the halo) in the

Solar vicinity inside a volume of 2.5 kpc radius from Gaia data (see Methods for details).

Fig. 1b shows the velocity distribution from a simulation of the formation of a thick disk via

a 20% mass-ratio merger.18 The similarity between the panels suggests that the retrograde

structure could be largely made up of stars originating in an external galaxy that merged

with the Milky Way in the past.
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Fig. 1.— Velocity distribution of stars in the Solar vicinity in comparison to a merger

simulation. In the left panel, the velocities of stars in the disk are plotted with grey density

contours (because of the large number of stars), while the halo stars (selected as those with |v �
vLSR| > 210 km/s, where vLSR is the velocity of the Local Standard of Rest) are shown as points.

The blue points are part of a prominent structure with slightly retrograde mean rotational motion,

and have been selected here as those having �1500 < Lz < 150 kpc km/s and energy E >

�1.8 ⇥ 105 km2/s2 (see Methods for details). The panel on the right shows the distribution of

star particles in a small volume extracted from a simulation18 of the formation of a thick disk

via a 5:1 merger between a satellite (in blue) and a pre-existing disk (in black). The overall

morphology and the presence of an arch (from Vy ⇠ �450 km/s and V? =
p

V 2
x + V 2

z ⇠ 50 km/s

to Vy ⇠ �150 km/s and V? ⇠ 300 km/s seen in the left panel) can be reproduced qualitatively

after appropriately scaling the velocities (see Methods), in a simulation where the satellite is disky

(rather than spherical, as the arch-like feature is sharper), and on a retrograde orbit inclined by

⇠ 30o to 60o.

Support for this hypothesis comes from the chemical abundances of stars provided by the

APOGEE survey.9 In Fig. 2a we plot the [↵/Fe] vs [Fe/H] abundances for a sample of stars

cross-matched to Gaia DR2 (see Methods for details). ↵-elements are produced by massive

Gaia stars in merger

Gaia stars in MW disk

Simulation of a 1:5 merger 
about 10 Gyr ago
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If there is significant *stellar* debris from a large merger in coherent motion near the Sun, what about the DM?



With Gaia+sims, we can refine this picture

Necib+2019ab

Necib+2019ab

Simulations give us insight into *which* nearby stars most closely mimic the local DM distribution. Gaia measures their space velocities in sufficient numbers for this to 
work. One must reconstruct the most massive mergers’ contributions to the local DM distribution using scaling relations for M*/Mdm 



Merger contributions can significantly alter the local DM 
distribution, with implications for direct detection

Necib+2019ab
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near the Sun are associated with a single large kinematic structure that has slightly retrograde

mean motion and which dominates the Hertzsprung-Russell diagram’s (HRD) blue sequence

revealed in the Gaia data.12 This large structure is readily apparent (in blue) in Fig. 1a,

which shows the velocity distribution of stars (presumably belonging to the halo) in the

Solar vicinity inside a volume of 2.5 kpc radius from Gaia data (see Methods for details).

Fig. 1b shows the velocity distribution from a simulation of the formation of a thick disk via

a 20% mass-ratio merger.18 The similarity between the panels suggests that the retrograde

structure could be largely made up of stars originating in an external galaxy that merged

with the Milky Way in the past.
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Fig. 1.— Velocity distribution of stars in the Solar vicinity in comparison to a merger

simulation. In the left panel, the velocities of stars in the disk are plotted with grey density

contours (because of the large number of stars), while the halo stars (selected as those with |v �
vLSR| > 210 km/s, where vLSR is the velocity of the Local Standard of Rest) are shown as points.

The blue points are part of a prominent structure with slightly retrograde mean rotational motion,

and have been selected here as those having �1500 < Lz < 150 kpc km/s and energy E >

�1.8 ⇥ 105 km2/s2 (see Methods for details). The panel on the right shows the distribution of

star particles in a small volume extracted from a simulation18 of the formation of a thick disk

via a 5:1 merger between a satellite (in blue) and a pre-existing disk (in black). The overall

morphology and the presence of an arch (from Vy ⇠ �450 km/s and V? =
p

V 2
x + V 2

z ⇠ 50 km/s

to Vy ⇠ �150 km/s and V? ⇠ 300 km/s seen in the left panel) can be reproduced qualitatively

after appropriately scaling the velocities (see Methods), in a simulation where the satellite is disky

(rather than spherical, as the arch-like feature is sharper), and on a retrograde orbit inclined by

⇠ 30o to 60o.

Support for this hypothesis comes from the chemical abundances of stars provided by the

APOGEE survey.9 In Fig. 2a we plot the [↵/Fe] vs [Fe/H] abundances for a sample of stars

cross-matched to Gaia DR2 (see Methods for details). ↵-elements are produced by massive

Standard 
assumption

(Maxwell-
Boltzmann)

dR
dE

=
ρχ

2mχμ2
σ(q)g(vmin)

vmin =
mNE
2μ2

μ =
mχmN

mχ + mN

g(vmin) = ∫
∞

vmin

f(v)
v

dv

• Constraints are ~few-10 % stronger for smaller vmin  
and substantially weaker (up to 100%) at large vmin  
(relative to standard assumptions)


• Annual modulations have steeper transition, peak at 
lower  vmin 

Helmi+2018



Gaia also permits better measurement of the local escape 
velocity (another way to get total mass locally)

vesc = 2 |Φ(r) − Φ(∞) | ∇2Φ = 4πG(ρDM + ρ* + ρgas)

A&A proofs: manuscript no. EscapeVelocityMain

Fig. 10. Escape velocity as a function of galactocentric distance (top). We also shown in grey the expected behaviour of the escape velocity for
four often-used Milky Way models. The bottom panel shows the logarithm of the number of stars for each distance bin. The blue marker indicates
the vesc that we determined using a local sample of stars, see Sec. 5. The error bars indicate the 1-� confidence levels. We note that the local sample
is not the same as the data sample at the bin of ⇠ 8.2 kpc, which is why the two markers there do not overlap exactly.

Fig. 11. Two-point correlation function ⇠ of the pseudo Cartesian ve-
locities of the stars, binned by galactocentric distance. A correlation of
⇠ > 1 indicates an excess of pairs compared to a random sample. The
random sample hRRi is obtained by randomly shu✏ing the velocities in
the galactic rest frame.

as mentioned earlier, the figure does show that the distributions
seem to become more exponential with distance.

Curiously, we have seen a similar behaviour for Au-27 of
the vesc-profile as observed for the 5D sample, see Fig. 7. In that
case, the increase in vesc was tentatively attributed to the presence
of tidal debris (or at least lumpiness) moving with speeds close
to the true escape velocity.

With a two-point velocity correlation function, we test the
statistical clustering of the stars in the tail of the velocity dis-
tribution of our 5D sample. An excess of pairs implies that the
velocity distribution is not smooth. The two-point velocity cor-
relation function is given by

⇠(�v) =
DD(�v)
hRR(�v)i , (19)

where DD(�v) is the number of data-data pairs with a veloc-
ity separation of �v and similarly hRR(�v)i is the mean number
of random-random pairs obtained by randomly shu✏ing the ve-
locities 100 times. To this end, v` and vb are shu✏ed and the
pseudo Cartesian velocities are re-calculated from Eqs. (6) as-
suming vlos = 0. Both the data and re-shu✏ed samples are cut-
o↵ at the velocity of the 10 000th star, or 250 km/s if there are
not enough stars per bin. Because of this re-sampling, most of
the bins have an equal number of stars, except for those at large
radii.

Figure 11 shows the results of the correlation function ⇠ for
the 5D sample for the same distance bins as used throughout this
paper. The curves in Fig. 11 are coloured by the mean distance
of the bin and the error bars show the uncertainty in ⇠ estimated
by the Poisson error in the number of counts per bin. A value
⇠ = 1 indicates no excess correlation. We see that inside 8 kpc, ⇠
decreases with distance. Meanwhile, the bins just outside of this
radius (light red) show the largest level of correlation over the
full velocity range probed. The inner and outermost bins (dark
colours) show the least correlation, although the uncertainties
are large because of the low number of stars in these bins. There
might also be an e↵ect associated to the area of the shells in-
creasing with distance squared, which results in the stars in the
outer shells being physically more separated than those in the
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Fig. 2. Tail of the tangential velocity distributions for di↵erent galactocentric distances. The annotations in the panels indicate the central distance
and number of stars per bin. The black marks give the uncertainty in the counts and the mean uncertainty in vt for each bin.

For this sample and in line with M18 and D19, we use the
quality cuts described in Marchetti et al. (2019), namely

– astrometric_gof_al < 3,
– astrometric_excess_noise_sig  2,
– �0.23  mean_varpi_factor_al  0.32,
– visibility_periods_used > 8,
– rv_nb_transits > 5,

and also impose the following quality criteria:
– ruwe < 1.4,
– parallax_over_error > 5.

For the additional spectroscopic data we use the same qual-
ity cuts, with exception of the criterion on rv_nb_transits.
Additionally, we use survey-specific quality constraints. For
APOGEE we use

– SNR > 20,
– STARFLAG == 0,
– abs(SYNTHVHELIO_AVG � OBSVHELIO_AVG) < 50,
– NVISITS > 2,

for RAVE
– eHRV < 10,
– Algo_Conv_K! = 1,
– SNR_K > 20,

and for LAMOST
– snri > 20,
– snrg > 20.

Several studies have reported that the sources in the RVS
sample, and bright sources in general, contain a parallax o↵set
of ⇠ 0.05 mas (see Schönrich et al. 2019; Leung & Bovy 2019;
Zinn et al. 2019; Chan & Bovy 2020). Therefore, we correct
the parallaxes in the 6D sample for an o↵set of �0.054 mas as
estimated by Schönrich et al. (2019). Following these authors,
we increase the parallax uncertainties by 0.006 mas to account
for the uncertainties in the o↵set and by 0.043 mas to account for

the RMS in the o↵set reported by Lindegren et al. (2018), both
of which are added in quadrature.

Nonetheless, to mitigate the e↵ects of the parallax o↵set
we only consider sources within 2 kpc. As explained earlier
we select halo stars as those with |v � vLSR| > 250 km/s.
Finally, we remove the star with Gaia DR2 source_id
5932173855446728064 since its radial velocity reported in Gaia

DR2 is known to be incorrect (Boubert et al. 2019). The final
sample comprises 2067 high-quality stars, of which 495 are from
the Gaia RVS sample, 10 from APOGEE, one from RAVE, and
1561 from LAMOST.

Since the spectroscopic surveys add a considerable number
of stars, mostly from LAMOST, we have checked that they do
not bias our results. In fact, these are fully consistent with us-
ing only Gaia RVS sources. The stars from the spectroscopic
surveys do not dominate the determination of vesc because they,
in general, have larger uncertainties. However, they do help in
closing the confidence contours, as we will see in Sec. 5.

2.3. The reduced proper motion sample

For the complete description of the reduced proper motion
(RPM) sample we refer the reader to the KH21 paper. Here we
will summarise the details that are relevant for this paper. By
virtue of the selection method, the RPM sample comprises only
MS stars. The relatively linear colour - magnitude relation for
these types of stars can be used to calculate photometric dis-
tances with typical uncertainties of 7%.

In KH21 we have already introduced several quality cuts,
here we prune the sample even further. In summary, we:
1. Target the most pure set of halo stars: |ṽ � vLSR| > 250 km/s

(see Sec. 2.1).
2. Select stars with large tangential velocities: vt > 250 km/s.
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Figure 1. Best fit results obtained from the full Gaia data with one (left), two (middle), and three (right) bound components.
The bound components are labeled with decreasing k as Disk, Halo, and Sausage for convenience and in line with our expectation
for how di↵erent components might behave, but the specific assignment cannot be determined from the fit. The solid lines are
the best fit distributions, while the shaded regions are the 68% containment regions obtained from the posteriors of the model
parameters. The single-component model does not give a good fit to the data, while the results of the two- and three-component
fits are largely consistent with each other and fit the data well.

3. RESULTS

We first briefly summarize the analysis pipeline, while
the complete details can be found in Paper I. We model
the stellar speed distribution above vmin with one, two,
or three bound components, as well as an outlier com-
ponent to account for unbound stars. Each of the bound
components has a common vesc while the outlier distri-
bution can extend above vesc. Explicitly, the likelihood
function for a single star is

L = fpout(vobs|�out)+(1�f)
X

i

fipi(vobs|vesc, ki), (2)

where vobs is the observed speed, fi the fractional contri-
bution of the i-th component to the bound stars, and pi

is the distribution of the i-th bound component. To ob-
tain pi, we consider Eq. (1) with vesc and ki and convolve
it with the measurement error for that star. The bound
components are ordered such that ki > ki+1 when there
are multiple components. To describe unbound out-
lier stars, we assume pout is a Gaussian function with
a dispersion of �out and that f is the outlier fraction.
Although the three component fit was not discussed in
Paper I, it is a natural extension to include another com-
ponent with the same vesc but a third slope k3 and an
associated fraction f3. For the total likelihood, we sum
over all stars in the dataset.

We used the Markov Chain Monte Carlo emcee
(Foreman-Mackey et al. 2013) to find the best fit pa-
rameters, using 200 walkers, 500 steps for the burnin
stage, and 2000 steps for each run. We assume linear
priors in ki and fi and log priors in f, �out. We take a
theory prior that is uniform in 1/vesc in order to favor
lower vesc; note that for our main results, we find that
the vesc posteriors are sharply peaked, such that this
prior has a negligible e↵ect on the results.

3.1. All Data

We begin with the entire dataset satisfying the qual-
ity cuts of Sec. 2 and with vmin = 300 km/s. Because
of the possibility of disk contamination, we consider up
to three bound components. We will refer to the com-
ponents in order of decreasing k as the Disk, Halo, and
Sausage for convenience, but note that in this analysis
we cannot empirically determine a physical origin for
each of the bound components.

Fig. 1 shows the best fit distributions obtained with
one, two, or three bound components. First, we see that
the single component fit (left panel) is not su�cient to
describe the data. This is due to the fact that the fit
for the bound component is anchored at the low end
|~v| ⇠ 300 km/s, where there is a steep slope or high
k. This leads to an underestimate of the number of
stars at v ⇠ 400 km/s, which is partially compensated
for by increasing the outlier fraction, ultimately leading
to an overestimate of the number of stars at |~v| > 500
km/s. In Paper I, we showed that when the underlying
model contains multiple bound components, a single-
component fit will bias vesc towards larger values. In-
deed, for this fit we found vesc = 735.9+50.5

�63.4 km/s.
Meanwhile, we see that the two and three compo-

nent models do provide good fits to the data and con-
sistent results. The two function fit yields vesc =
519.6+17.4

�15.6 km/s and the three function fit yields vesc =
484.6+17.8

�7.4 km/s, which are consistent within two stan-
dard deviations. In both fits, we expect that the first
component, or the highest k component, will correspond
to any disk contamination which drops steeply in v. In-
deed, we find that the result for k = k1 pushes up against
our default prior of ki 2 [0.1, 15] on the upper end; in-
creasing the prior range to ki 2 [0.1, 20], we still find
a result that pushes at the edge of the prior. The re-
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Dataset Functions vmin vesc M200,tot

[km/s] [km/s] [1011M�]

All data 3 300 484.6+17.8
�7.4 7.0+1.9

�1.2

All data 2 350 498.1+63.9
�16.0 7.7+2.6

�1.5

All data 1 375 515.1+113.3
�25.0 8.8+3.9

�2.0

Table 1. Best fit values of the escape velocity at the solar
position, as well as the total mass of the Milky Way obtained
through the assumptions of Sec. 4.

The reason for the much larger uncertainty in vesc here
is due to the di�culty in constraining the outlier pop-
ulation. In particular, with the dataset in Fig. 4, it is
di�cult to distinguish whether the stars with speeds of
500-600 km/s are likely to come from the outlier com-
ponent or the bound components. We can further un-
derstand this outlier confusion by looking at the escape
velocity posterior, which is shown in Fig. 5. Here we
see that the posterior for the 2-component fit to retro-
grade stars is actually double-peaked. One peak is at low
vesc, at values roughly consistent with fits to all stars.
Meanwhile, the peak at high vesc is correlated with a
lower outlier fraction, where those high speed stars near
|~v| ⇠ 600 km/s can also partly be modeled with the
bound components.

As a result, taking vesc = 710.3+216.5
�177.9 km/s for ret-

rograde stars is not a robust result. In App. C, we
show the fit to retrograde stars for di↵erent vmin and
see similar results with non-convergent fit results and
double-peaked posteriors. This is expected since the
outlier confusion cannot be removed with larger vmin.
In fact, the larger number of high-speed stars in the full
data sample helps pin down the outlier component and
thus also vesc of the bound components. With limited
statistics in the retrograde sample, modeling the tail of
a distribution is particularly sensitive to shot noise in
the outliers. Furthermore, applying a cut for retrograde
motion might be shaping the sample such that it is not
kinematically complete. The possible presence of addi-
tional kinematic structures was studied in Paper I by the
introduction of small peaked structures, and we found
that it could strongly bias the results. Given these fac-
tors, we will consider the fit to all of the data as our
main result.

3.3. Comparison with previous results

The main results for vesc are summarized in Fig. 5
and Table 1. For these fits, we selected the lowest vmin

that was consistent with the number of bound compo-
nents in the fit. This was determined by the lowest
vmin 2 [300, 325, 350, 375, 400] km/s that yielded con-
vergent and stable results. From Fig. 5 and Table 1, we

400 600 800 1000

vesc [km/s]

0.00

0.01

0.02

0.03

a.
u
.

3 Func, vmin = 300 km/s

2 Func, vmin = 350 km/s

1 Func, vmin = 375 km/s

Retrograde, vmin = 300 km/s

Figure 5. Posteriors for vesc from fits to all data with 1, 2, or
3 bound components, and from a fit to retrograde data with
2 bound components. Full data posterior distributions have
been normalized to unity, while the retrograde data has been
multiplied by a factor of 6 to clarify the non-convergence of
the posterior. For each of fits to all data, we selected the
lowest vmin valid for that number of components. For the
retrograde data, we do not obtain a convergent result.

see that the results for 1, 2, or 3 bound components are
also all consistent with each other.

Previous studies all used a single function of the form
of Eq. (1). To deal with a large degeneracy in vesc and k,
they typically impose an artificial prior on the slope k.
Pi✏ et al. (2014); Monari et al. (2018) adopt a prior of
k 2 [2.3, 3.7], obtained using cosmological simulations
and finding the slopes of the tail of the halo stars in
their Milky Way realizations. Meanwhile, Deason et al.
(2019) used a lower prior of k 2 [1, 2.5] given that cos-
mological simulations with merger events similar to the
Gaia Sausage had slopes in that range. These priors
strongly a↵ect the measured escape velocity, giving rise
to nonconvergent results as can be seen in the corner
plot of Deason et al. (2019).

As discussed in Paper I, the use of a single function
where the fit requires two leads to an averaging of the
slopes k. For example, in vmin = 350 km/s where the
two function fit su�ces, we find two components with
k = 12.72+4.09

�3.92 and kS = 1.34+1.29
�0.51, while a single func-

tion fit yields k = 8.13+4.45
�3.68. One can see in this case

that although kS is indeed within the range suggested
by Deason et al. (2019), using a single function fit and
a limited prior in k can artificially inflate the escape
velocity value.

Given this, it is not surprising that our results for vesc

are lower than previous studies. Deason et al. (2019)
finds vesc = 528+24

�25 km/s with a prior range of k 2

Median 
Galactocentric 
distance

#of stars in 
selection

From non-equilibrium structures?



The Milky Way’s dark matter distribution 
constrains particle models of dark matter 

in multiple ways

• Local density: needed to interpret direct-detection 
measurements


• Total mass: sets comparisons to simulations


• Shape: information about DM self-interactions, impact of 
baryon-DM crosstalk


• Lumpiness: sensitive to primordial DM temperature / 
nature of DM interactions



The MW’s mass normalizes its subhalo mass function 

Bullock & Boylan-Kolchin 2017; see also Mao, Williamson, & Wechsler 2015, Yu et al. 2016
Figure 4

Steep mass functions. The black solid line shows the z = 0 dark matter halo mass function
(Mhalo = Mvir) for the full population of halos in the universe as approximated by Sheth, Mo &
Tormen (2001). For comparison, the magenta lines show the subhalo mass functions at z = 0
(defined as Mhalo = Msub = Mpeak, see text) at the same redshift for host halos at four
characteristic masses (Mvir = 1012, 1013, 1014, and 1015M�) with units given along the right-hand
axis. Note that the subhalo mass functions are almost self-similar with host mass, roughly shifting
to the right by 10⇥ for every decade increase in host mass. The low-mass slope of subhalo mass
function is similar than the field halo mass function. Both field and subhalo mass functions are
expected to rise steadily to the cuto↵ scale of the power spectrum, which for fiducial CDM
scenarios is ⌧ 1M�.

“flat” region of a galaxy rotation curve. For our “small-scale” mass of Mvir = 1011M�,

typically Vmax ' 1.2Vvir ' 60 km s�1.

1.4. Dark matter substructure

It was only just before the turn of the century that N -body simulations set within a cos-

mological CDM framework were able to robustly resolve the substructure within individual

dark matter halos (Ghigna et al. 1998; Klypin et al. 1999a). It soon became clear that

the dense centers of small halos are able to survive the hierarchical merging process: dark

matter halos should be filled with substructure. Indeed, subhalo counts are nearly self-

similar with host halo mass. This was seen as welcome news for cluster-mass halos, as the

substructure could be easily identified with cluster galaxies. However, as we will discuss

in the next section, the fact that Milky-Way-size halos are filled with substructure is less

clearly consistent with what we see around the Galaxy.

Quantifying subhalo counts, however, is not so straightforward. Counting by mass

is tricky because the definition of “mass” for an extended distribution orbiting within a
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Mvir = 1012M⊙

1013M⊙

ΛCDM main halos

Sheth, Mo, & Tormen 2001

Subhalos

Factor of 10 in 
mass uncertainty 

for host galaxy 
~ 

factor of 10 in 
number of subhalos 

at fixed mass 

So…how well do we 
know the mass of the 

MW’s dark matter halo?



The MW’s mass & shape are well 
constrained in the inner ~20 kpc…

100 kpc 100 kpc

Dark Matter (CDM) Stars

…which is probably less than a tenth 
the radius of the DM halo.

Wegg, Gerhard, & Bieth 2019

Posti & Helmi 2019

Eilers et al. 2019

and more…

Gaia has really pinned down the mass distribution where it has lots of data.



outside this region the MW mass is still poorly constrained 

Eadie & Juric 2019

Gaia+HST Gaia DR2 only

Most of these estimates use point tracers (globular clusters, satellite galaxies) 
 or single tidal streams

2 panels use different data sets - from Gaia+HST (left) or Vasiliev+2019 (right)


Tidal streams provide extra sensitivity to shape, mass profile at large distances - essentially test particles on similar orbits. Individual stream models subject to bias.



J =

I
p dq

(p, q) $ (J, ✓)

✓(t) = ⌦t+ ✓0

With 6D+ data, we can study streams in new ways

Not only does Gaia observe stars in many different streams, but with 6D we can use full power of Hamiltonian dynamics including the natural framework for bound orbits: actions 
and angles



With 6D+ data, we can study streams in new ways
Simulated stellar streams

Sanderson et al. 2015, 2017 

Best fit 

mass profile

Best spherical NFW fit

Since streams come from smaller galaxies than the MW they have a small phase space volume relative to the MW. Actions preserve this small volume. Streams are spread all 
across the Galaxy in positions, but clumpy in action space—only in the correct potential. Quantify clustering statistically and use as figure of merit to model potential. This lets us 
model lots of streams at once even if we don’t know exactly which stars belong to which one.
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Figure 13. Rotation curves corresponding to the results of the two-component potential model. The lighter shaded region shows the rotation curves for potentials
within 1f of the best-fit for each data set. The purple, orange, teal and yellow data points correspond to the results of the Helmi, GD1, Pal 5 and Orphan
streams, respectively: they show the rotation velocity of the best-fit potential at the mean Galactocentric distance of the stars in that stream. The darker shaded
region shows the subset of the rotation curves that are compatible with the current measurements of the Local Standard of Rest velocity. For comparison, the
dashed black and cyan lines are the rotation curves from the galpy MWPotential2014 (Bovy 2015) and McMillan (2017), respectively, and the grey dots
represent the data from Eilers et al. (2019).
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Figure 13. Rotation curves corresponding to the results of the two-component potential model. The lighter shaded region shows the rotation curves for potentials
within 1f of the best-fit for each data set. The purple, orange, teal and yellow data points correspond to the results of the Helmi, GD1, Pal 5 and Orphan
streams, respectively: they show the rotation velocity of the best-fit potential at the mean Galactocentric distance of the stars in that stream. The darker shaded
region shows the subset of the rotation curves that are compatible with the current measurements of the Local Standard of Rest velocity. For comparison, the
dashed black and cyan lines are the rotation curves from the galpy MWPotential2014 (Bovy 2015) and McMillan (2017), respectively, and the grey dots
represent the data from Eilers et al. (2019).
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Results with 4 real streams

Reino, Rossi, Sanderson+ 2021, arXiv:2007.00356

v2
circ

r
=

GM( < r)
r2

Pal 5 Orphan Helmi GD-1

Eilers et al. 2019
Bovy 2015

All

McMillan 2017

All but GD-1

We’ve recently applied this to real streams for the first time. Teal, gray, black are inferences from orbits of disk stars (Eilers from Gaia data)

You can see the bias from individual fits - especially from the stream “GD1”. More distant data is the next step.



The Milky Way’s dark matter distribution 
constrains particle models of dark matter 

in multiple ways

• Local density: needed to interpret direct-detection 
measurements


• Total mass: sets comparisons to simulations


• Shape: information about DM self-interactions, impact of 
baryon-DM crosstalk


• Lumpiness: sensitive to primordial DM temperature / 
nature of DM interactions

By “shape” I mean the ratio of symmetry axes



Gaia has enabled more attempts to measure the MW’s shape

12 Vargya et al.

Table 2. Measurements of the shape of the MW halo from previous work. Uncertainties on @DM
d = (2/0)d parameter values are quoted as given in the various

works and plotted in Figure 10, which usually correspond to 90% confidence intervals or equivalent. Values with no uncertainties have no easily interpretable
range given in the corresponding paper, or are lower limits. Amin and Amax denote the approximate range of galactocentric radii over which the estimates are
made, either as given by the authors or as specified for the data-set used. Notes: (a) This paper includes the rotation curve, velocity dispersion, and vertical force
profile of the disc as additional constraints. (b) In these two cases, a flattening of @DM

d = 0.8 in the density was assumed to detect the stream statistically before
using it to fit a parametrized mass model. (c) As pointed out by Hattori et al. (2020), this paper finds a prolate aspect ratio using an action finder that has known
di�culties for orbits in prolate mass distributions. (d) As Law & Majewski (2010) point out and Debattista et al. (2013) confirm, this model does not admit a
stable galactic disc; Vera-Ciro & Helmi (2013) shows that the discrepancy can be explained by the influence of the LMC.

Reference @DM
d = (2/0)d Amin Amax Data-set used Colour

[kpc] [kpc]

Hattori et al. (2020) 0.993+0.01
�0.005 1 30 RR Lyrae + constraintsa brown

Palau & Miralda-Escudé (2020) 0.87+0.02
�0.02 8 38 NGC3201b yellow

Malhan & Ibata (2019) 0.82+0.25
�0.13 13.5 15 Grillmair-Dionatos-1 (GD-1) green

Posti & Helmi (2019) 1.30+0.25
�0.25 30 150 Globular clustersc purple

Wegg et al. (2019) 1.00+0.09
�0.09 1 30 RR Lyrae purple

Palau & Miralda-Escudé (2019) 0.87+0.06
�0.06 7 43 M68b yellow

Bovy et al. (2016) 1.3+0.5
�0.3 13.5 15 Grillmair-Dionatos-1 (GD-1) green

Bovy et al. (2016) 0.93+0.16
�0.16 5 19 Palomar 5 (Pal 5) red

Küpper et al. (2015) 0.95+0.16
�0.12 5 19 Palomar 5 (Pal 5) red

Loebman et al. (2014) 0.4+0.1
�0.1 10 50 SDSS halo stars purple

Koposov et al. (2010) > 0.68 13.5 15 Grillmair-Dionatos-1 (GD-1) green
Law & Majewski (2010) 0.44 20 40 Sagittarius (Sgr)d orange
Johnston et al. (2005) 0.88+0.04

�0.05 13 50 Sagittarius (Sgr) orange
Helmi (2004) 1.30+0.20

�0.05 13 50 Sagittarius (Sgr) orange
Ibata et al. (2001) > 0.7 16 60 Sagittarius (Sgr) orange
Olling & Merrifield (2000) 0.80+0.45

�0.30 1 25 HI gas + disc rotation curve brown

the radius of the transition from where stars dominate its shape to
where DM is the dominant influence and comparing this to (1) the
galaxy scale length and (2) the predicted 31 as a function of f/<
provides a way to constrain the SIDM cross-section.

Currently, there are several methods in use for constraining the
shape of the MW’s total mass distribution using dynamical model-
ing. A non-exhaustive sample of measurements using these di�erent
methods is listed in Table 2. One strategy is to model the precession
of the orbital planes of tidal streams. Several attempts to do this for
the Sagittarius stream alone (Helmi 2004; Johnston et al. 2005; Law
et al. 2009; Vera-Ciro & Helmi 2013; Vasiliev et al. 2020) have come
to inconsistent conclusions, mostly due to di�ering parametrizations
of the potential and the treatment of the influence of the LMC on
the outer portion of the stream (as pointed out in Vera-Ciro & Helmi
2013 and Erkal et al. 2020). However, since we need mainly to con-
strain the region 2 . A . 20 kpc for these tests, simultaneous fits of
several streams with smaller apocenters may provide a way forward
(Bovy et al. 2016; Bonaca & Hogg 2018; Reino et al. 2020).

Another strategy is to constrain the total flattening using Jeans
or Schwarzschild modeling of equilibrium stellar populations as in
Loebman et al. (2014); Hattori et al. (2020), and many other works.
However, this is limited to regions where we have su�cient stel-
lar tracers observed to derive the distribution functions used in the
model. Currently such e�orts have been made in the bulge (to A ⇠ 5
kpc) and in the space observatory Gaia satellite’s six-dimensional
(6D) volume (5 . A . 11 kpc). However, additional data from
ground-based spectroscopic surveys, future Gaia data releases, and
new distance estimators (e.g Das & Sanders 2019; Auge et al. 2020)
promise to expand the volume accessible to this technique apprecia-
bly in the near future. These new data will also provide excellent
constraints on the stellar shape profile, an equally important quantity
in this approach.

A third strategy, as employed by e.g. Blitz & Spergel (1991);

Olling & Merrifield (2000); Narayan et al. (2005) in the MW and
Das et al. (2020) for external galaxies, is to use the flaring of the HI
disc to constrain the flattening, under the assumption that the gas is in
dynamical equilibrium. Results seem to favor a relatively spherical
halo with @

DM
d ⇠ 0.8. This technique could provide an independent

assessment with di�erent data and systematics than methods using
stellar kinematics.

Finally, a lower limit on B = 2/0 as a function of radius may be
obtained by searching for evidence of the truncation or scattering
of tidal streams by orbital resonances, which are more common in
more highly flattened potentials (Valluri et al. 2012; Hesp & Helmi
2018; Pearson et al. 2015; Valluri et al. 2020). These e�ects are
quite pronounced at 2/0 ⇠ 0.3–0.4, where most of our shape profiles
begin their transition toward the more spherical halo, and are much
less dominant by 2/0 ⇠ 0.6–0.7, where most of the total mass profiles
end up at large A. Looking for an abrupt transition in the prevalence
of streams as a function of galactocentric distance, perhaps even in
a stacked sample of external galaxies where 6D information is not
available, could be an additional way to find constraints on the halo
flattening transition and hence on SIDM.

6 CONCLUSION

We perform a suite of cosmological-baryonic zoom simulations of
Milky Way (MW)-mass galaxies for several di�erent models with
self-interacting dark matter (SIDM), one proposed solution to the
challenges of the cold dark matter (CDM) plus dark energy (⇤CDM)
cosmological model at small-scales. These dark matter (DM) sim-
ulations are compared between CDM and SIDM (with interaction
cross-sections f/< = 0.1, 1, and 10 cm2 g�1) and with expectations
from the literature.

For the SIDM+Baryon simulations, the variation in axis ratio with

MNRAS 000, 1–16 (2021)

Before Gaia DR2 (18 years)

Since Gaia DR2 (4 years)

8 O. Sameie et al.

Figure 7. Halo shape measurement in different numerical simulations:
our MW SIDM halo model (blue solid), cosmological CDM-only (black
dashed) and hydrodynamical simulations (orange solid) from the NIHAO
project (Butsky et al. 2016) (the shaded area represents the 1� scatter for
the halos with mass ⇠ 1012 M�), and zoom-in cosmological SIDM-only
simulations of 5 Aquarius halos (long dashed). Data points with error bars
are the measurements of the MW halo shape using the stellar streams, GD-
1 (c/a = 1.3+0.5

�0.3 at r ⇡ 14 kpc, square), Pal 5 (c/a = 0.93 ± 0.16
at r ⇡ 19 kpc, pentagon), and the combined analysis of the two (c/a =
1.05± 0.14 for r . 20 kpc, diamond), taken from Bovy et al. (2016).

ity either intrinsic to the DM distribution or induced by the disc
should be at most weak on that scale in order to accommodate the
measurements. Our model predicts c/a ⇠ 0.85 at r ⇡ 20 kpc,
consistent with the combined constraint on c/a within ⇠ 1.5�.
Note that our scale height in the MN disc is zd ⇡ 0.68 kpc,
higher than the best-fit value ⇠ 0.3 kpc in Bovy et al. (2016).
We have estimated that taking their zd value would reduce c/a

by 5% at most in the inner regions and the difference becomes
negligible around 10 kpc. In addition, in our MW model, the to-
tal halo mass within 20 kpc is 1.28 ⇥ 1011M�, consistent with
Mhalo(r < 20 kpc) = 1.1 ± 0.1 ⇥ 1011M� measured in Bovy
et al. (2016), although our initial NFW halo has lower concentra-
tion, compared to theirs (rs = 18.0 ± 7.5 kpc). It would be inter-
esting to analyze the stream data with the SIDM halo model.

For comparison, we also plot cosmological CDM-only
(gray) and hydrodynamical (red) simulations from the NIHAO
project (Butsky et al. 2016). Overall, the shape of individual NI-
HAO halos follows the median trend shown in Fig. 7. As is well-
known, CDM halos from cosmological simulations are strongly tri-
axial (Frenk et al. 1988; Jing & Suto 2002; Hayashi et al. 2007;
Kuhlen et al. 2007; Vera-Ciro et al. 2011; Diemand & Moore 2011).
Taken at face value, CDM predictions (gray) could look at odds
with the observations. However, baryons can make the CDM halo
shapes more spherical (red) (see also, Dubinski 1994; Debattista
et al. 2008; Kazantzidis et al. 2010; Abadi et al. 2010; Tissera et al.
2010), an effect partially attributed to the change of orbits from
boxy to tube or rounder loop as a result of the central concentra-
tion of baryons (Debattista et al. 2008). In the NIHAO simulations,
the mean value of c/a is 0.7 for the CDM halos after including

baryons, and it can reaches 0.8 at the 1� level of the scatter, con-
sistent with the observations reasonably well.

Although the sphericity created by the baryons helps CDM to
accommodate more easily the observational constraints, the trend
with radius could be different in the two models. It seems that CDM
halos plus baryons become more spherical at all radii, whereas the
effects explored here in SIDM plus baryons would anticipate a flat-
tening of the shapes towards the inner regions that follows that of
the disc. Such premise, of course, ignores any effect of feedback
or cosmological assembly, which may cause deviations of the sys-
tem from equilibrium. Therefore, the exciting premise of using halo
shape profiles to differentiate DM candidates awaits confirmation
from cosmological hydrodynamical SIDM simulations. We hope
such experiments will become available in the near future.

5 CONCLUSIONS

We use isolated N-body simulations of DM halos with static disc
potentials to explore the gravitational effect of baryons on SIDM
halos. We model the disc as a Miyamoto-Nagai potential embedded
within an initially NFW halo with mass ⇠ 1012 M�. We consider
different self-scattering cross sections, �x/mx = 0.5, 1, 3, and
5 cm2

/g besides the special case, �x/mx = 0 cm2
/g. In addition,

we vary the radial length scale of the disc, Rd, to study in detail
how the DM halo responds to the baryons as a function of how
relevant their contribution is to the total potential at a given radius.

In the absence of baryons, SIDM halos develop a central
flat core with its density and size that depend mostly on the self-
scattering cross section. We confirm that the inclusion of a disc po-
tential can change this behavior due to SIDM thermalization with
the potential, resulting in a higher core density and a smaller core
than expected without the disc, a crucial effect in solving the diver-
sity problem in SIDM (Kamada et al. 2017; Creasey et al. 2017),

We highlight two phases of evolution during our numerical ex-
periments: a first stage of core expansion, during which the density
core gets established due to the turn-on of the self-interactions, and
a second stage of core contraction due to the gravitational effects
of the baryons. The timescale for these two phases of evolution is
a function of both, the cross section and the relative importance of
the baryons inside the core. Higher cross sections and more com-
pact baryonic discs (encoded in a smaller length scale) speed up the
transition between the two phases and make the timescale of core
expansion shorter.

We have also studied the role of the disc potential in shaping
the SIDM halo. To explore this subtle effect, we assumed an exact
spherical initial NFW profile such that any departure from spheric-
ity is due to the influence of the baryonic potential. Compared to
the case of �x/mx = 0 cm2

/g, the SIDM halos are more respon-
sive to the potential due to the thermalization, and their final flat-
tening is more aligned with the orientation of the disc, consistent
with the expectation from the analytical method. Our simulations
clearly demonstrate that the induced asphericity is mainly sensitive
to the contribution of the disc to the total potential, relative to the
DM one. We further confirmed this by checking the evolution his-
tory of the SIDM halos. The flattening effect is maximized during
the epoch when the core has the lowest density, which coincides
with the time when the disc contribution to the total potential is
also maximized.

We have constructed a mass model for the MW and explored

c� 0000 RAS, MNRAS 000, 000–000
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MW estimates seem 
generally rounder than 
CDM predictions.  
Could SIDM help?

Streams are especially sensitive to the shape since their similar orbits precess with departures from spherical symm.

Still seem to be rounder than the CDM predictions - which are rounder when one includes the central galaxy (red) than not (black). SIDM also tends to predict rounder 
halos (blue lines)



The shape of the halo is 
affected by the central galaxy

DM and standard-model matter exchange information through 
gravitational torques and gravity-induced “wakes”



Can we constrain the self-interaction 
cross-section with the MW’s halo shape?

Vargya, Sanderson et al 2021



Our results suggest SIDM can introduce more variability in the shape 
through coupling with baryons, but generally do not make the halo rounder
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Once disk is accounted for CDM ~ SIDM

…but why are the measurements so scattered?



The Milky Way is merging with the Magellanic Clouds

LMC and SMC from Gaia EDR3 - K. Loch

Morig ~ 1011 MSun = 0.1 MMW

(Mnow ~ 1010 MSun)

Mnow ~ 109 MSun

D ~ 50 kpc  
~ scale radius of MW DM halo 
~ 5x edge of MW disk

Small Magellanic Cloud (SMC)

Large Magellanic Cloud (LMC)
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The Milky Way is merging with the Magellanic Clouds

Morig ~ 1011 MSun = 0.1 MMW

(Mnow ~ 1010 MSun)

Mnow ~ 109 MSun

D ~ 50 kpc  
~ scale radius of MW DM halo 
~ 5x edge of MW disk

Inferred shape of MW dark halo if you ignore the LMC Inferred shape of MW dark halo if you include the LMC

Vasiliev+2021Based on modeling Gaia observations of a tidal stream (Sagittarius)

Large Magellanic Cloud (LMC)

Ignoring the presence of the LMC can significantly affect the inferred shape 

https://www.youtube.com/watch?v=F_E0ziJkUPk
https://www.youtube.com/watch?v=zBtrPk18HYQ


The Milky Way is merging with the Magellanic Clouds

LMC and SMC from Gaia EDR3 - K. Loch Garavito-Camargo+2020

See also Besla+2019

Morig ~ 1011 MSun = 0.1 MMW

(Mnow ~ 1010 MSun)

Mnow ~ 109 MSun

D ~ 50 kpc  
~ scale radius of MW DM halo 
~ 5x edge of MW disk

The structure of the MW–LMC DM halo 7

Component subscript Number of coe�cients rs [kpc] �opt

LMC’s bound particles LMC 20 12-25 8

MW’s DM halo MW 236 40.85 5

MW’s DM halo with LMC’s DM debris MW+Debris 334 40.85 5

Table 2. Summary of the computed BFE. All the expansions where computed up to nmax = lmax = 20. Noise subtraction
was carried out following the procedure described in Section B. The Hernquist scale-length (rs) is shown in column 3, and the
optimal ‘signal-to-noise’ in column 4.

Figure 1. MW and LMC projected density reconstruction created using BFEs for the present-day snapshot of the MW–LMC
simulation #7 described in Section 2.1. The densities are computed in the x = 0 Galactocentric plane in a slab, 10 kpc in
thickness. Panel a shows the combined density field of the MW and the LMC, computed using two BFEs: one centered on the
MW (panel b) and one on the LMC (panel d) (see details in the text). In total 354 coe�cients where used. Panel b shows the
density field of the MW with the LMC’s DM debris. Panel c shows the density field of the MW halo with no LMC particles.
Panel d shows the LMC density field computed on the bound particles of the LMC (see Sections 3 and 3.3 for details). All the
panels are normalized to the same color bar. BFEs enable the characterization of the LMC’s direct contributions to the density
field and accurately disentangle this contribution from the perturbations it induces in the halo. Panels e and f show the DM
debris and wake density field computed as density contrast �⇢.

Large Magellanic Cloud (LMC)

This interaction predicts a certain DM response that is likely to be DM-model specific - here is the CDM case. This is a new opportunity to test DM models



The Milky Way is merging with the Magellanic Clouds

LMC and SMC from Gaia EDR3 - K. Loch

Morig ~ 1011 MSun = 0.1 MMW

(Mnow ~ 1010 MSun)

D ~ 50 kpc  
~ scale radius of MW DM halo 
~ 5x edge of MW disk

Large Magellanic Cloud (LMC)

Figure 1: Distribution of stars in the Galactic halo. All-sky Mollweide projection maps of the density of stars at 60 kpc
< Rgal < 100 kpc, smoothed by a Gaussian kernel with FWHM= 30�. Left panel: data based on K giant stars. Right
panel: simulation that includes the dynamical response of the halo to the orbit of the LMC. Regions near the Galactic mid-plane
(|b| < 10�) and the LMC and SMC, as well as regions of high extinction are masked in grey, while the positions of the LMC and
SMC are marked as white stars. One arm of the Sagittarius stream has been masked in sky coordinates, as indicated by the grey
region at b > 0� and �180� < l < �150�. The overdensity in the south-west is the local wake caused by the passage of the LMC.
The overdensity in the North is the collective response of the Galaxy due to the arrival of the LMC. Notice that the dynamic range
of the density contrast for the simulated map is smaller than the observed map.

Figure 2: Quantitative comparison between data and mod-
els. Mean density contrasts in regions encompassing the local
wake (�60� < b < �20�, 45� < l < 90�) and the collective
response (30� < b < 60�, 240� < l < 300�) are shown along
the x and y axes. There are four simulations spanning a range
in LMC masses from 0.8�2.5⇥1011M� (small-to-large green
circles). The smooth model11 is close to zero along both axes
as expected. The dotted lines indicate uniform distributions (no
density contrast) on the x and y axes. The density enhancement
of the local wake is measured at a significance of 5� (error bars
on the data represent 1� Poisson uncertainties) and the mean
density is 1.4 ± 0.2 times larger in the data than in the fiducial
simulation.

first passage around the Galaxy. Previous work analyzing the

positions and velocities of the Clouds had also inferred a first-
passage scenario for the orbits of the Clouds18, although those
results are sensitive to the uncertain mass of the Galaxy. If the
Clouds had undergone more than one complete orbit, the local
wake would be much weaker, and perhaps not even detectable,
due to destructive interference after repeated orbits, as in the
case of the Sagittarius dwarf galaxy2. Third, the local wake is
predicted to accurately trace the orbital path of the LMC2, and
so its observed location will provide stringent new constraints
on the orbit of the LMC.

In Fig. 2 we provide a quantitative comparison between
observations and simulations of the strength of the local wake
and collective response. Regions encompassing the local wake
(�60� < b < �20�, 45� < l < 90�) and the collective re-
sponse (30� < b < 60�, 240� < l < 300�) are defined and
the mean density contrast is measured within them (using un-
smoothed versions of the maps in Fig. 1). Poisson statistics
are used to estimate 1� uncertainties. In this figure we show
results for four simulations with a range of LMC masses at
infall: (0.8, 1.0, 1.8, 2.5) ⇥ 1011 M�. The density contrast in
the local wake increases with increasing LMC mass, but over-
all the simulations predict a density contrast lower than ob-
served. In the data, the collective response is largely confined
to �180� < l < 0�. Although the collective response is ex-
pected to be broadly asymmetric2, in the observed footprint the
simulated collective response is approximately symmetric about
l = 0� (see Methods for further discussion). We also show re-
sults for a smooth stellar halo11 - as expected this model shows
no significant excess or deficit of stars in the wake or collective
response regions.

The simulation is a genuine prediction and was not cali-
brated in any way to reproduce the observed features. The over-
all agreement between the simulation and observations, espe-
cially in the Southern hemisphere, is therefore quite striking.

2

Conroy+2021, Nature 
(22 April Issue)

Evidence of this response in stellar halo (density variations) seems a bit stronger than CDM predictions … but stay tuned
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Cunningham+2020

Possibility of detecting effects in velocity as well



The Milky Way’s dark matter distribution 
constrains particle models of dark matter 

in multiple ways

• Local density: needed to interpret direct-detection 
measurements


• Total mass: sets comparisons to simulations


• Shape: information about DM self-interactions, impact of 
baryon-DM crosstalk


• Lumpiness: sensitive to primordial DM temperature / 
nature of DM interactions



Small DM “halos” can discriminate between theories

Mocz et al. 2017

“BEC” dark matter

CDM with baryons

Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.5 (left to right, then top
to bottom). The image intensity and hue indicate the projected squared dark matter density and the density-weighted mean velocity
dispersion respectively (Springel et al. 2008a). Each panel is 1.5Mpc on a side.

c! 2012 RAS, MNRAS 000, ??–21

“Warm” dark matter

Lovell et al. 2014

BECDM haloes 5
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Figure 1. Volume rendering of the density field in one of our simulations of the formation of a virialized BECDM halo through multiple

mergers. We merge isolated soliton cores (t = 0) until a single bound halo forms, which is characterised by a stable soliton core at the

center of the halo and quantum fluctuations throughout the domain. The volume rendering shows isocontours of density di↵ering by

factors of 10. Insets show projected density in log-space. The bottom panel shows the time evolution of the total energy E, potential

energy W , classical kinetic energy Kv , and quantum gradient energy K⇢ in the simulation.

c� 2017 RAS, MNRAS 000, 1–14

are the small halos just not there, or are they invisible?



Movie by D. Erkal

The lumps disturb tidal streams  
as they evolve in the Galactic potential



Movie by D. Erkal

The lumps disturb tidal streams  
as they evolve in the Galactic potential

What does it mean for DM models?

e.g. Bovy, Erkal, Sanders 2017; Banik et al. 2019; others

Price-Whelan & Bonaca 2018GD-1 tidal stream

Gaia role : removing non-member stars very cleanly by selecting on proper motions -> “gaps” and thinness of stream show more clearly



Cold tidal streams probe the distribution of dark substructure

Degree of disruption  
depends on  

mass,  
impact parameter, 
velocity 

of perturber, 
“coldness” of stream b ~ scale radius of perturber

The Astrophysical Journal, 731:58 (15pp), 2011 April 10 Yoon, Johnston, & Hogg

Figure 6. Various effects of encounters on a Pal-5-like stream. Our fiducial encounter (particles labeled (f) in each panel) has Msub = 106.5 M!, venc = 200 km s"1,
b = 0. The top/middle/bottom rows show the responses when the velocity/impact/mass are allowed to vary around this. The “+” in each panel represents the center
of Pal 5, and the circles show the size (rtidal) of the encounters and where they pass through. Note that three encounters are all overlapped in the top left panel. The
streams in the first, second, and last columns are centered at the center of Pal 5, impact point, and mean energy/angular momentum, respectively. Streams other than
the fiducial model are shifted by "3 and "6 along the y-axis from their original positions in the second and last columns.

4.2. Multiple Encounters

To examine the integrated influences of many subhalos, we
perform separate simulations with subhalos drawn from each
decade of the !CDM mass spectrum. We first illustrate our re-
sults by contrasting simulations with the #30,000 intermediate-
mass subhalos in the mass range 106–107 M! and #30 large
mass subhalos of 109–1010 M!. Figure 7 shows the final spa-
tial and energy/angular-momentum distribution of these cases.
First consider the overall morphologies in Figure 7. Recall that
the calculation in Section 3.1 suggests there should be #10 di-
rect encounters with subhalos in the lower mass range, which is
in rough agreement with the visual impression of the energy/
angular-momentum distribution in the lower left-hand panel.
In contrast, the stream with the large subhalos (the right col-
umn of Figure 7) does not have any gaps. Instead, the or-
bital phase of the stream with subhalos in the mass range
109–1010 M! is shifted and the entire energy scale is changed
as suggested in Section 4.1. All panels in Figure 7 are plotted
relative to a central particle (marked with +). The scaled energy
q and angular-momentum ("J/sJ ) values of the central parti-
cles changed by ("0.74, "0.53) and (9.40, 4.00) for the streams
with 106–107 M! and 109–1010 M! subhalos, respectively. This
phase and energy shift will not be observable since there is no
way to probe the original phase and energy.

In order to disentangle the effect of direct (close) encoun-
ters from indirect (distant) ones, we select the 20% closest en-
counters based on the minimum distance between the subhalos
and the stream particles that occurs throughout the simulations.
We then re-run the same simulation with only these subhalos
present. The results, presented in the lower particle distributions
in each panel of Figure 7, are almost identical to the ones with

all subhalos in each mass range, which suggest that heating by
the more distant encounters is negligible.

Figure 8 repeats the plots in Figure 7 for simulations with
subhalos in all mass decades. While the stream without any
subhalos shows a smooth morphology in the sky and energy/
angular-momentum space, the streams with subhalos in the mass
range 105–106 M!, 106–107 M!, and 107–108 M! show eye-
catching signatures such as spatial, velocity, and energy gaps. As
expected, the smaller subhalos cause many more smaller-scale
clumps in the stream than the large ones. In contrast, the stream
with 108–109 M! subhalos does not have clear signatures. These
subhalos are too large to leave small-scale variations but too
small to shift the entire stream as in Figure 7. Rather, these
subhalos distort the energy–angular momentum distribution and
slightly change the overall shape of the stream.

The gaps in Figure 8 due to 105–106 M! subhalos are more
commonly smaller than those due to the 106–107 M! objects.
This indicates that each mass decade might be separately
detected. While small encounters with subhalos will generally
result in smaller energy gaps which correspond to smaller
physical gaps than encounters with large subhalos, note that
in the middle of the leading part of the stream with 105–106 M!
subhalos, there is a large gap (where "R.A. # "5$) which is
as big as the ones in the stream with 106–107 M! subhalos. On
further investigation, we found this large gap can be attributed to
a very slow encounter (which caused a large gap in energy) that
occurred relatively early in the simulations (which allowed the
gap to grow). However, we expect this to be a rare occurrence as
described in Section 3.1. To confirm this expectation, we ran four
additional simulations with the same conditions as the original
105–106 M! run but with different initial starting points. In none
of these cases did such large gaps appear.
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one of very few ways to probe this question 
probe of mass, size, and velocity distributions of dark ss 
most work has focused on streams from globular clusters 
important to consider streams from satellites as well because… 

COLOR IN VARIABLES



Cosmological halos are complicated!

Ngan+2015

No central galaxy (DM-only)

Stream formed in galaxy with no substructure Stream formed in galaxy with substructure



subhalos within 2 kpc of stream 
Δt ~ 25 Myr

“stars” in one satellite galaxy/tidal stream
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…but not so much in the inner Galaxy. 
Can we use tidal streams from satellite galaxies?

CDM says the Milky Way  
should have a “lumpy” DM halo

12 J. Samuel et al.

Figure 7. The ratio of the number of subhalos, at a given subhalo
mass, in baryonic versus dark matter-only (DMO) simulations.
Purple line and shaded regions are the host-to-host median and
scatter in the baryonic-to-DMO ratio as a function of 3D distance.
Red line is an analytic fit to the ratio, and fit parameters are also
shown in red. Subhalos were selected to have Mpeak > 8⇥ 108 M�,
to mimic the halo masses of dwarf galaxies in the baryonic runs.
Top panel: Baryonic-to-DMO ratio for cumulative subhalo counts
as a function of distance. Relative to the DMO simulations, the
baryonic simulations have ⇠70 per cent (median) the number of
subhalos beyond 200 kpc. The ratio drops rapidly within this dis-
tance, where the DMO subhalos are not subject to the additional
gravitational potential of a host’s baryonic disk. The median ra-
tio declines to zero within ⇠15 kpc of the host. Bottom panel:
Same as above, but showing di↵erential subhalo counts (discrete
distance bins). The ratio is ⇠80 per cent (median) beyond 200
kpc, and it declines to zero within ⇠10 kpc of the host.

creases until the (median) ratio reaches zero at 10-15 kpc.
As Garrison-Kimmel et al. (2017) studied extensively using
embedded disk potentials in DMO simulations of m12i and
m12f, this is almost entirely due to the presence of the addi-
tional gravitational potential from the disk in the baryonic
simulations. Here, we provide a more robust sample of sim-
ulations where we also time-average for each host, which is
critical given how little time satellites spend near pericenter.
The scatter within 100 kpc is greater, due to a few hosts that
have a number of baryonic subhalos closer to their number
of DMO subhalos.

We provide fits to the ratio of baryonic-to-DMO subhalo

Table 2. Parameters for fits to the ratio of subhalos in baryonic
versus dark matter-only simulations in Equation 1. Cumulative
distributions refer to the total number of subhalos enclosed as
a function of 3D distance while di↵erential distributions refer to
discrete bins in 3D distance.

Subhalo selection method ↵ d0 [kpc] d1 [kpc]

Cumulative distributions
Mpeak > 8 ⇥ 108 M� 0.7 11 89
Mbound > 108 M� 0.8 13 106
Mbound > 107 M� 0.8 2 98

Di↵erential distributions
Mpeak > 8 ⇥ 108 M� 0.8 8 78
Mbound > 108 M� 0.9 21 95
Mbound > 107 M� 0.9 0 100

counts as a function of distance that may be used to estimate
the number of subhalos containing satellite galaxies (M⇤ >
105 M�) in other DMO simulations. We fit to the median
ratio across hosts, and use the 68 per cent variation in the
ratio as uncertainty on the fitted median values3. In Table 2,
we also explore fits using other subhalo mass cuts. We fit the
median of the cumulative and di↵erential baryonic-to-DMO
ratios as a function of distance (d):

f (d) =
8>><
>>:

0 0  d < d0

↵


1 � e�

d�d0
d1

�
d � d0

(1)

Where ↵ is the asymptotic value of the ratio for in-
finitely large d, d0 is the inner cuto↵ where the ratio goes to
zero, and d1 is the distance within which the ratio sharply
declines. For the cumulative profile shown we find: ↵ = 0.7,
d0 = 11 kpc, and d1 = 89 kpc. For the di↵erential profile
shown we find: ↵ = 0.8, d0 = 8 kpc, and d1 = 78 kpc. Table 2
shows these parameters for other fits using instantaneous
bound halo mass for subhalo selection (not shown in Fig-
ure 7).

We find that, as expected, the fitted baryonic-to-DMO
subhalo count ratios tend towards close to unity at large
distances and drop to zero near the baryonic disk bound-
ary. The fits indicate that even at arbitrarily large distances
from the host, the baryonic subhalos are subject to addi-
tional destructive baryonic e↵ects. The decline in the fitted
ratios within ⇠100 kpc is strikingly sharp: the cumulative
and di↵erential ratios both go to zero within ⇠ 10 kpc, in-
dicating the physical boundary of intense gravitational ef-
fects from the baryonic disk. This agrees with studies that
have found that satellite survival depends on host-satellite
distance at pericentric passage (e.g. D’Onghia et al. 2010;
Zhu et al. 2016; Sawala et al. 2017; Garrison-Kimmel et al.
2018b; Nadler et al. 2018; Rodriguez Wimberly et al. 2019).
We see the same general trends in fit parameters, for both
cumulative and di↵erential ratios, across the three di↵erent
subhalo selection methods we use.

3 The z = 0 snapshots of baryonic m12i, m12f, and m12m are
publicly available at ananke.hub.yt for comparison to individual
hosts.
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Rate of encounters depends on phase-space distribution 
of both subhalos and streams

𝒮 ≡
ΔEimpact

σ(Estream)
≃

GMsub

bvrelσstream

dNenc

dt
d~vrel = `w ⇥ 2⇡bmax ⇥ |~vrel|⇥ nsub(~r)⇥ P (~vrel)

Stream phase space distribution

Subhalo phase space distribution

Both

` / age of stream

(from Yoon, Johnston & Hogg 2011)

w,� ⇠
p

Mprog b ⇠ rs(Msub)

Subhalo distribution is a direct prediction of DM model. Number and distribution of streams from satellites is a secondary prediction of these models via shape of small 
halos -> susceptibility to tidal disruption



nsub(~r) 6= nsub(r)

Panithanpaisal, Sanderson et al 2021
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Figure 6. Cumulative distribution of tangential (left) and radial (right) velocities of resolved subhalos within 100 kpc of the center
of m12i (black lines) and m12f (magenta lines) at z = 0, normalized to the total number within 100 kpc. Consistent with the baryonic
simulations, the embedded disk preferentially destroys subhalos that are on radial orbits (low Vtan) that pass close to the disk. Similarly,
subhalos with high radial velocities (Vrad & 75 km s�1) are slightly suppressed in the baryonic and embedded disk simulations, but
the di↵erence is far less pronounced than in Vtan. As in Figure 5, the lower panels shows the fractional di↵erence in the absolute
(non-normalized) cumulative distribution.

locity. As a result, the primary e↵ect of the central galaxy
is on the resultant distribution of tangential, and not radial,
velocities of the surviving subhalo population. There is a
slight trend wherein the pure DMO simulations underpre-
dict the fraction of high |Vrad| subhalos (i.e., overpredict the
fraction of systems with Vrad ⇠ 0 km s�1), consistent with
an overall increase in subhalo velocities in the presence of a
galaxy due to the added mass at the center of the host.

This tangential velocity bias may have direct conse-
quences on the expected perturbations induced in the cold
stellar streams that are suggested as best able to constrain
dark subhalo counts in the MW, which stretch along the
plane of the sky (e.g. Newberg & Carlin 2016). Specifically,
if both the observed streams and the subhalo population are
tangentially biased, one would expect more ‘glancing’ blows,
wherein subhalos are either co-rotating or counter-rotating
relative to the orbit of the stream, and fewer perpendicular
interactions, where the subhalo punches directly through a
cold stream, relative to what is expected for an isotropic
population of subhalos (the standard assumption in most
work on stream-subhalo interactions, e.g. Yoon et al. 2011;
Carlberg 2012; Erkal et al. 2016). Counter-rotating inter-
actions will have a small impact on streams due to their
relatively short interaction times, but a larger fraction of
the encounters may by co-rotating than otherwise expected.
These occur over long enough timescales that the impulse
approximation typically used to estimate changes in the stel-
lar velocities (e.g. Sanders et al. 2016) may break down. We
defer a full analysis of the degree to which this e↵ect is ob-
servable to future work.

Similarly, the preferential destruction of subhalos on
highly radial orbits has important implications for the struc-

ture of the stellar halo, particularly close to the MW. Specif-
ically, the majority of the destroyed satellites that make up
the stellar halo (Bullock et al. 2001; Bullock & Johnston
2005; Bell et al. 2008) were likely on plunging, highly radial
orbits, such that their resultant stellar streams are likely
to be radially extended and reach to greater radii. There-
fore, streams from destroyed satellites may prove useful for
detecting clear, coherent gaps from the surviving dark sub-
halos, which are largely on tangential orbits that are per-
pendicular to the expected orientations of the streams from
destroyed satellites.

3.4 Varying the disk parameters

In order to explore the dependence on the specific disk
potential that we add to the dark matter simulations, we
additionally simulate m12i with modified disk parameters.
Specifically, we hold two of the three disk parameters, Rd(z),
zd(z), and Md(z) (see Equation 1) at their fiducial values,
while varying the third. We investigate: Rd(z) ! 2Rd(z),
spreading the same amount of mass over a larger surface
area; zd ! 1 pc at all times, forcing a nearly infinitesimally
thin disk; and Md(z) ! 2Md(z), making the disk more mas-
sive. We also test the dynamical importance of the gas in the
galaxy by holding Rd and zd fixed at their fiducial values,
but setting Md equal to the fiducial (stellar) mass plus the
mass in gas within r90 (i.e., Md ! M? +Mgas). In order to
further test the importance of the shape and orientation of
the galactic potential, we also simulate m12i with a Hern-
quist (1990) sphere, rather than the Miyamoto-Nagai disk
potential.

Figure 7 show the bound mass functions (left) and cu-
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P (~vrel) 6= P (vrel)

Garrison-Kimmel et al. 2017

progenitors of streams 
(at disruption time)

Panithanpaisal, Sanderson et al 2021

Relative velocity distribution will not be isotropic either - both because the disk preferentially depletes sub halos on radial orbits, and because the streams themselves 
tend to prefer coplanar orbits with the disk
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Next: count number of interactions with streams

CDM only CDM with baryons

Preliminary
Panithanpaisal, Sanderson et al in prep

𝒮 ≡
ΔEimpact

σ(Estream)
≃

GMsub

bvrelσstream

N(Msub) ' M�1
sub

b ⇠ rs(Msub)∼ M1/3
sub

Depletion of some s/h by the disk helps calm things down. Ability to disturb the stream is roughly flat across decades: sensitivity to even small sub halos (r_s scales weakly with 
Msub)



The Milky Way’s dark matter distribution 
constrains particle models of dark matter 

in multiple ways

• Local density: needed to interpret direct-detection 
measurements


• Total mass: sets comparisons to simulations


• Shape: information about DM self-interactions, impact of 
baryon-DM crosstalk


• Lumpiness: sensitive to primordial DM temperature / 
nature of DM interactions

To make progress in all these areas 
we need realistic, cosmological test cases
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Red: the brightest stars we can see

Green: the most abundant bright stars
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The Milky Way’s dark matter distribution 
constrains particle models of dark matter 

in multiple ways

• Local density: needed to interpret direct-detection 
measurements


• Total mass: sets comparisons to simulations


• Shape: information about DM self-interactions, impact of 
baryon-DM crosstalk


• Lumpiness: sensitive to primordial DM temperature / 
nature of DM interactions

To make progress in all these areas 
we need realistic, cosmological test cases


