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Direct Detection
Direct detection depends on 
astrophysical parameters: 
• Dark matter density
• Dark Matter velocity

Goodman & Witten (1985)
Freese et al. (1988)
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Direct Detection
Direct detection depends on 
astrophysical parameters: 
• Dark matter density
• Dark Matter velocity
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Direct detection depends on 
astrophysical parameters: 
• Dark matter density
• Dark Matter velocity
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Direct Detection
Direct detection depends on 
astrophysical parameters: 
• Dark matter density
• Dark Matter velocity
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Direct Detection
Direct detection depends on 
astrophysical parameters: 
• Dark matter density
• Dark Matter velocity
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We Need to Understand Dark 
Matter Substructure



Launched December 2013

Goal: Positional and kinematic 
measurement of 1 billion stars 
(1% of the Milky Way)

DR2: 7 million radial velocities

DR3: 33 million radial velocities

Gaia

Lina Necib, MIT
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Dark MatterStars

Hopkins et al. (2014)
Wetzel et al. (2016) 
Hopkins et al. (2017) 

Necib, Lisanti, Garrison-Kimmel et al. (2018)Lina Necib, MIT

Simulated Milky-Way like halo

Subhalo

Dark 
Subhalo

Host Halo



Video by Shea Garisson-Kimmel, http://www.tapir.caltech.edu/~sheagk/firemovies.html
Lina Necib, MIT

FIRE simulations



New Structure!

Lina Necib, MIT

With Gaia, a new merging event in the 
solar neighborhood has been found, 
and is referred to as the Gaia Sausage, 
or Gaia Enceleadus. 

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

Mass ~ 108-9 Msun.
Infall Time  z ~ 1-3.
Average Metallicity ~ -1.4

Credit: H.H. Koppelman, A. Villanlobos, A. Helmi

Gaia Sausage Enceladus



Correlation the velocity distributions of 
Dark Matter and stars merger by merger.
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Gaia Sausage Enceladus
Accretion time: 6-10 billion years ago
Mass: 1%-10% of the mass of the Milky 
Way
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Gaia Sausage Enceladus
Accretion time: 6-10 billion years ago
Mass: 1%-10% of the mass of the Milky 
Way

°500 °250 0 250 500

vr [km/s]

0

1

2

3

4

5

10
3
f
(v

r
)

[k
m

/s
]°

1

SDSS-Gaia

Stars

°500 °250 0 250 500

vr [km/s]

0

1

2

3

4

5

10
3
f
(v

r
)

[k
m

/s
]°

1

FIRE Host Halo m12f Merger III

Dark Matter

Stars

vr [km/s]
<latexit sha1_base64="A0gIrEAzIBw5QMGZkYAFF+2IFKw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiZV0GXBjcsK9gFpCJPppB06Mwkzk0qJ8U/cuFDErV/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0tr6xuVXeruzs7u0f2NXDjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh+GbmdydEKhqLez1NiM/RUNCIYqSNFNjVSZDJ/MnrS56N+bnK/cCuOXVnDrhK3ILUQIFWYH/1BzFOOREaM6SU5zqJ9jMkNcWM5JV+qkiC8BgNiWeoQJwoP5ufnsNTowxgFEtTQsO5+nsiQ1ypKQ9NJ0d6pJa9mfif56U6uvYzKpJUE4EXi6KUQR3DWQ5wQCXBmk0NQVhScyvEIyQR1iatignBXX55lXQadfei3ri7rDUbRRxlcAxOwBlwwRVoglvQAm2AwQN4Bq/gzXq0Xqx362PRWrKKmSPwB9bnD/7ylGs=</latexit>

10
3
⇥

f
(v

r
)
[k
m
/s
]�

1
<latexit sha1_base64="DRijUlyVbcN8GgAVxOILjBlybj4=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoC2vSCrosuHFZwT6gSctkOmmHziRhZlIoIX6AG3/FjQtF3Lp35984bbPQ1gMXDufcy733eBGjUlnWt5FbWV1b38hvFra2d3b3zP2DpgxjgUkDhywUbQ9JwmhAGooqRtqRIIh7jLS80c3Ub42JkDQM7tUkIi5Hg4D6FCOlpZ55YlvdqqMoJxL6pXEvEenZQ8cRPBnxC5m63eTcTntm0SpbM8BlYmekCDLUe+aX0w9xzEmgMENSdmwrUm6ChKKYkbTgxJJECI/QgHQ0DZBe7yazb1J4qpU+9EOhK1Bwpv6eSBCXcsI93cmRGspFbyr+53Vi5V+7CQ2iWJEAzxf5MYMqhNNoYJ8KghWbaIKwoPpWiIdIIKx0gAUdgr348jJpVsp2tVy5uyzWKlkceXAEjkEJ2OAK1MAtqIMGwOARPINX8GY8GS/Gu/Exb80Z2cwh+APj8wd14Zsk</latexit> 10
3
⇥

f
(v

r
)
[k
m
/s
]�

1
<latexit sha1_base64="DRijUlyVbcN8GgAVxOILjBlybj4=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoC2vSCrosuHFZwT6gSctkOmmHziRhZlIoIX6AG3/FjQtF3Lp35984bbPQ1gMXDufcy733eBGjUlnWt5FbWV1b38hvFra2d3b3zP2DpgxjgUkDhywUbQ9JwmhAGooqRtqRIIh7jLS80c3Ub42JkDQM7tUkIi5Hg4D6FCOlpZ55YlvdqqMoJxL6pXEvEenZQ8cRPBnxC5m63eTcTntm0SpbM8BlYmekCDLUe+aX0w9xzEmgMENSdmwrUm6ChKKYkbTgxJJECI/QgHQ0DZBe7yazb1J4qpU+9EOhK1Bwpv6eSBCXcsI93cmRGspFbyr+53Vi5V+7CQ2iWJEAzxf5MYMqhNNoYJ8KghWbaIKwoPpWiIdIIKx0gAUdgr348jJpVsp2tVy5uyzWKlkceXAEjkEJ2OAK1MAtqIMGwOARPINX8GY8GS/Gu/Exb80Z2cwh+APj8wd14Zsk</latexit>

vr [km/s]
<latexit sha1_base64="A0gIrEAzIBw5QMGZkYAFF+2IFKw=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiZV0GXBjcsK9gFpCJPppB06Mwkzk0qJ8U/cuFDErV/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0tr6xuVXeruzs7u0f2NXDjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh+GbmdydEKhqLez1NiM/RUNCIYqSNFNjVSZDJ/MnrS56N+bnK/cCuOXVnDrhK3ILUQIFWYH/1BzFOOREaM6SU5zqJ9jMkNcWM5JV+qkiC8BgNiWeoQJwoP5ufnsNTowxgFEtTQsO5+nsiQ1ypKQ9NJ0d6pJa9mfif56U6uvYzKpJUE4EXi6KUQR3DWQ5wQCXBmk0NQVhScyvEIyQR1iatignBXX55lXQadfei3ri7rDUbRRxlcAxOwBlwwRVoglvQAm2AwQN4Bq/gzXq0Xqx362PRWrKKmSPwB9bnD/7ylGs=</latexit>

Sim
ulat
ion

Dat
a

Gaia
Sausage

Necib, Lisanti, Belokurov (2019)
Necib, Lisanti, Garrison-Kimmel et al. (2018)



Correlation 
between the 
Stellar and 

Dark Matter 
Velocity 

Distributions

Identification 
of Stellar 
Structure

Building the 
Velocity 

Distribution 
of Dark 
Matter



Correlation 
between the 
Stellar and 

Dark Matter 
Velocity 

Distributions

Identification 
of Stellar 
Structure

Building the 
Velocity 

Distribution 
of Dark 
Matter

• Build an accreted star 
catalog

• Model the stellar 
distributions

• Cluster in action and 
velocity spaces for 
kinematic structures



Correlation 
between the 
Stellar and 

Dark Matter 
Velocity 

Distributions

Identification 
of Stellar 
Structure

Building the 
Velocity 

Distribution 
of Dark 
Matter

• Build an accreted star 
catalog

• Model the stellar 
distributions

• Cluster in action and 
velocity spaces for 
kinematic structures



Accreted stars close to the plane?

1% of the stars close to the 
disk plane are accreted

• Build an accreted star 
catalog

• Model the stellar 
distributions



Accreted stars close to the plane?

1% of the stars close to the 
disk plane are accreted

Use machine learning to 
distinguish the stars born in 

the Milky Way from the 
accreted stars. 

• Build an accreted star 
catalog

• Model the stellar 
distributions



Sanderson et al. (2019)

Ananke

Gaia
1. Train on simulation.

2. Label Gaia stars. 

Sanderson et al. (2019)
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Machine Learning



Structures close to the Disk
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Video by Shea Garisson-Kimmel,
http://www.tapir.caltech.edu/~sheagk/firemovies.html

Hopkins et al. (2014)
Wetzel et al. (2016) 
Hopkins et al. (2017) 

Simulation Analog



Such mergers are important as 
they might have an associated 

accreted dark disk! 

Simulation Analog
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and Keck II to obtain high 

resolution chemical abundances.



Nyx

Lina Necib, MIT

Merging 
Galaxy

Disk 
Perturbation

Or

Observe Nyx stars at Magellan 
and Keck II to obtain high 

resolution chemical abundances.

Currently, we are finding 
that Nyx is chemically  
consistent with the thick 
disk. However, it could 
have been caused by a 
merger that perturbed the 
disk. 

Wang, Necib, Ji, et al. (in prep)
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Alternatively, we can use clustering

https://pberba.github.io/stats/2020/01/17/hdbscan/

K-Means Clustering HDBScan Clustering

• Cluster in action and 
velocity spaces for 
kinematic structures



Alternatively, we can use clustering

https://pberba.github.io/stats/2020/01/17/hdbscan/

• Cluster in action and 
velocity spaces for 
kinematic structures



We apply clustering on Gaia dataset
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• Gaia eDR3 proper motions
• Gaia DR2 radial velocities
• Quality cuts

Ou & Necib (in prep)

Xiaowei Ou



We apply clustering on Gaia dataset

• Gaia eDR3 proper motions
• Gaia DR2 radial velocities
• Quality cuts

Ou & Necib (in prep)

Xiaowei Ou

Need to get rid of the disk 
contamination:
1. Use accreted star catalog. 
2. Toomre plot cut. 
3. Metallicity cut.
4. zmax cut.



We apply clustering on Gaia dataset

• Gaia eDR3 proper motions
• Gaia DR2 radial velocities
• Quality cuts

Ou & Necib (in prep)

Xiaowei Ou

Need to get rid of the disk 
contamination:
1. Use accreted star catalog. 
2. Toomre plot cut. 
3. Metallicity cut.
4. zmax cut.
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We apply clustering on Gaia dataset

• Gaia eDR3 proper motions
• Gaia DR2 radial velocities
• Quality cuts

Ou & Necib (in prep)

Main Requirement:
Stable clusters



We apply clustering on Gaia dataset

• Gaia eDR3 proper motions
• Gaia DR2 radial velocities
• Quality cuts

Main Requirement:
Stable clusters

Reclustering over different 
realizations show that few 
clusters are indeed stable

Ou & Necib (in prep)



Stability of Clusters
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• Prioritized stable clusters.
• Looked at the stars that got clustered at least 40 times through 100 realizations. Dropped the stars 

always associated as noise. 
• These structures are stable, although possibly incomplete. 

Ou & Necib (in prep)
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Prograde 
Structures

Ou & Necib (in prep)
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New Dark Matter Velocity Distribution

Final distribution different from 
the assumed Maxwell 

Boltzmann distribution

• Fraction Dark Matter ≠ Fraction Stars.
• Use Mass-Metallicity relation to estimate 

fractions.

Kirby et al. (2013)
Garrison-Kimmel et al. (2015)
Necib, Lisanti, Belokurov (2018)
Necib, Lisanti, Garrison-Kimmel et al. (2018)

ftotal(v) = chalofhalo(v) + csubsfsubs(v)
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<latexit sha1_base64="rZNBVNKmE24IIpfr1nqAYN0xdvM=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4CkkJaG9FLx4r2A9oQ9lsN83S3U3Y3Qil9C948aCIV/+QN/+Nm7YUFX0w8Hhvhpl5UcaZNp736aytb2xubZd2yrt7+weHlaPjtk5zRWiLpDxV3QhrypmkLcMMp91MUSwiTjvR+KbwOw9UaZbKezPJaCjwSLKYEWwKqU8SNqhUPTfwLALku94cyHPr9XrNq62UKizRHFQ++sOU5IJKQzjWuud7mQmnWBlGOJ2V+7mmGSZjPKI9SyUWVIfT+a0zdG6VIYpTZUsaNFe/T0yx0HoiItspsEn0b68Q//J6uYmvwimTWW6oJItFcc6RSVHxOBoyRYnhE0swUczeikiCFSbGxlO2Iax+/5+0a64fuMFdUG1cL+MowSmcwQX4cAkNuIUmtIBAAo/wDC+OcJ6cV+dt0brmLGdO4Aec9y87PI5h</latexit>

SM

<latexit sha1_base64="Mla9SyFsif38+ch+jY/+xo9UyBw=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmYkRHMLevEiRDQLJEPo6fQkTbp7hu4eIQz5CC8eFPHq93jzb+wsguuDgsd7VVTVCxPOtPG8dye3tLyyupZfL2xsbm3vFHf3mjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo4up37qjSrNY3ppxQgOBB5JFjGBjpVZXiezmatIrljy36vnVio9+E9/1ZijBAvVe8a3bj0kqqDSEY607vpeYIMPKMMLppNBNNU0wGeEB7VgqsaA6yGbnTtCRVfooipUtadBM/TqRYaH1WIS2U2Az1D+9qfiX10lNdBZkTCapoZLMF0UpRyZG099RnylKDB9bgoli9lZEhlhhYmxCBRvC56fof9I8cf2yW74ul2rnizjycACHcAw+nEINLqEODSAwgnt4hCcncR6cZ+dl3ppzFjP78A3O6wfRno/o</latexit>

SM

<latexit sha1_base64="Mla9SyFsif38+ch+jY/+xo9UyBw=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmYkRHMLevEiRDQLJEPo6fQkTbp7hu4eIQz5CC8eFPHq93jzb+wsguuDgsd7VVTVCxPOtPG8dye3tLyyupZfL2xsbm3vFHf3mjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo4up37qjSrNY3ppxQgOBB5JFjGBjpVZXiezmatIrljy36vnVio9+E9/1ZijBAvVe8a3bj0kqqDSEY607vpeYIMPKMMLppNBNNU0wGeEB7VgqsaA6yGbnTtCRVfooipUtadBM/TqRYaH1WIS2U2Az1D+9qfiX10lNdBZkTCapoZLMF0UpRyZG099RnylKDB9bgoli9lZEhlhhYmxCBRvC56fof9I8cf2yW74ul2rnizjycACHcAw+nEINLqEODSAwgnt4hCcncR6cZ+dl3ppzFjP78A3O6wfRno/o</latexit>

Direct Detection
End result: 
Build an accurate velocity 
distribution of Dark Matter that 
includes all structures. 
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vmin = vmin(Ethresh,m�)

<latexit sha1_base64="t/3NtaJ8V/GzZhL89uALiCVsiVM=">AAACH3icdVDLSgMxFM34rPVVdekmWIQKUmZKqXYhFERwWcE+oC1DJs10QpPMkGQKZZg/ceOvuHGhiLjr35g+hPo6EDj3nHu5uceLGFXatifWyura+sZmZiu7vbO7t587OGyqMJaYNHDIQtn2kCKMCtLQVDPSjiRB3GOk5Q2vp35rRKSiobjX44j0OBoI6lOMtJHcXGXkJl3JE05FmsIruFwWbuaFDiRRQZqeQ24EHND0zM3l7WLVdqoVB/4mTtGeIQ8WqLu5j24/xDEnQmOGlOo4dqR7CZKaYkbSbDdWJEJ4iAakY6hAnKheMrsvhadG6UM/lOYJDWfq8kSCuFJj7plOjnSgfnpT8S+vE2v/spdQEcWaCDxf5McM6hBOw4J9KgnWbGwIwpKav0IcIImwNpFmTQhfl8L/SbNUdMrF8l05Xyst4siAY3ACCsABF6AGbkEdNAAGD+AJvIBX69F6tt6s93nrirWYOQLfYE0+AVsxpF8=</latexit>

|~v| [km/s]
<latexit sha1_base64="1CPXtSD8TW9jYXOmhGuwP3teO5I=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXNWkCnZZcOOygn1AEspkOmmHzkzCzKRQ0gj+ihsXirj1N9z5N04fC209cOFwzr3ce0+YMKq043xbhbX1jc2t4nZpZ3dv/8A+PGqpOJWYNHHMYtkJkSKMCtLUVDPSSSRBPGSkHQ5vp357RKSisXjQ44QEHPUFjShG2khd+2TijwjORvkEPvqSZ96QX6og79plp+LMAFeJuyBlsECja3/5vRinnAiNGVLKc51EBxmSmmJG8pKfKpIgPER94hkqECcqyGb35/DcKD0YxdKU0HCm/p7IEFdqzEPTyZEeqGVvKv7neamOakFGRZJqIvB8UZQyqGM4DQP2qCRYs7EhCEtqboV4gCTC2kRWMiG4yy+vkla14l5VqvfX5XptEUcRnIIzcAFccAPq4A40QBNgMAHP4BW8WU/Wi/VufcxbC9Zi5hj8gfX5A7mjloQ=</latexit>
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<latexit sha1_base64="LH5rirhaFmDKJITd3xev6scXluE=">AAACFXicbVDLSsNAFJ3UV62vqks3g0VoQWvSCnZZcOOygn1Ak5bJdNIOnUnCzKRQ0vgRbvwVNy4UcSu482+cPhbaeuDC4Zx7ufceN2RUKtP8NlJr6xubW+ntzM7u3v5B9vCoIYNIYFLHAQtEy0WSMOqTuqKKkVYoCOIuI013eDP1myMiJA38ezUOicNR36cexUhpqZs9t8xOGdqKciKhl5/YI4LjUTIpwAdb8LidH/JLWejEF1biJN1sziyaM8BVYi1IDixQ62a/7F6AI058hRmSsm2ZoXJiJBTFjCQZO5IkRHiI+qStqY/0FU48+yqBZ1rpQS8QunwFZ+rviRhxKcfc1Z0cqYFc9qbif147Ul7FiakfRor4eL7IixhUAZxGBHtUEKzYWBOEBdW3QjxAAmGlg8zoEKzll1dJo1S0ysXS3VWuWlnEkQYn4BTkgQWuQRXcghqoAwwewTN4BW/Gk/FivBsf89aUsZg5Bn9gfP4Ai+SdzA==</latexit>

Dark 
Disk

m� = 100 GeV

vmin = 95 km/s

<latexit sha1_base64="IMLobGjFqOyZAtxai8sBI69NTag="></latexit>

m� = 10 GeV

vmin = 567 km/s

<latexit sha1_base64="cjR/wK+cbvW/FktdMP47TrXDlOk="></latexit>
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<latexit sha1_base64="Mw6AcKDbUgtoyJand3/e8ms/M5M=">AAACAHicdVDLSgMxFM34rPU16sKFm2BRXJVM310IBRe6rGAf0BlKJk3b0GRmSDJCGerCX3HjQhG3foY7/8b0IajogQuHc+7l3nv8iDOlEfqwlpZXVtfWUxvpza3tnV17b7+pwlgS2iAhD2Xbx4pyFtCGZprTdiQpFj6nLX90MfVbt1QqFgY3ehxRT+BBwPqMYG2krn0oui4ZMnh6Dh0E71wpkkvanMCunUFZVCpW8wiibBE55WrVEIRKlXwOOoZMkQEL1Lv2u9sLSSxooAnHSnUcFGkvwVIzwukk7caKRpiM8IB2DA2woMpLZg9M4IlRerAfSlOBhjP1+0SChVJj4ZtOgfVQ/fam4l9eJ9b9ipewIIo1Dch8UT/mUIdwmgbsMUmJ5mNDMJHM3ArJEEtMtMksbUL4+hT+T5q5rFPIFq4LmVpuEUcKHIFjcAYcUAY1cAXqoAEImIAH8ASerXvr0XqxXuetS9Zi5gD8gPX2CafTlSQ=</latexit>
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<latexit sha1_base64="13fuSxB4ZYS4Iy0QjDeZPEGG8mY=">AAACAXicdZDLSgMxFIYz9VbrbdSN4CZYFFdDpoy1XQgFF7qsYC/QlpJJM21oMjMkGaEM7cZXceNCEbe+hTvfxvQiqOgPgZ/vnMPJ+f2YM6UR+rAyS8srq2vZ9dzG5tb2jr27V1dRIgmtkYhHsuljRTkLaU0zzWkzlhQLn9OGP7yc1ht3VCoWhbd6FNOOwP2QBYxgbVDXPhDdNhkweHIBXYTgpC1FekXrY9i188g5Q265WITIQcj1Sq4x5XLJQOgaMlUeLFTt2u/tXkQSQUNNOFaq5aJYd1IsNSOcjnPtRNEYkyHu05axIRZUddLZBWN4bEgPBpE0L9RwRr9PpFgoNRK+6RRYD9Tv2hT+VWslOih1UhbGiaYhmS8KEg51BKdxwB6TlGg+MgYTycxfIRlgiYk2oeVMCF+Xwv9NveC4nuPdePlKYRFHFhyCI3AKXHAOKuAaVEENEDABD+AJPFv31qP1Yr3OWzPWYmYf/JD19gkbFpVe</latexit>

Rate / ⇢DM

Z 1

vmin

f(v)

v
dv

<latexit sha1_base64="kwhBOw4alO9sKbjrJYlbDW1CwGs="></latexit>



Solar 
Neighborhood�

<latexit sha1_base64="rZNBVNKmE24IIpfr1nqAYN0xdvM=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4CkkJaG9FLx4r2A9oQ9lsN83S3U3Y3Qil9C948aCIV/+QN/+Nm7YUFX0w8Hhvhpl5UcaZNp736aytb2xubZd2yrt7+weHlaPjtk5zRWiLpDxV3QhrypmkLcMMp91MUSwiTjvR+KbwOw9UaZbKezPJaCjwSLKYEWwKqU8SNqhUPTfwLALku94cyHPr9XrNq62UKizRHFQ++sOU5IJKQzjWuud7mQmnWBlGOJ2V+7mmGSZjPKI9SyUWVIfT+a0zdG6VIYpTZUsaNFe/T0yx0HoiItspsEn0b68Q//J6uYmvwimTWW6oJItFcc6RSVHxOBoyRYnhE0swUczeikiCFSbGxlO2Iax+/5+0a64fuMFdUG1cL+MowSmcwQX4cAkNuIUmtIBAAo/wDC+OcJ6cV+dt0brmLGdO4Aec9y87PI5h</latexit>

�

<latexit sha1_base64="rZNBVNKmE24IIpfr1nqAYN0xdvM=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4CkkJaG9FLx4r2A9oQ9lsN83S3U3Y3Qil9C948aCIV/+QN/+Nm7YUFX0w8Hhvhpl5UcaZNp736aytb2xubZd2yrt7+weHlaPjtk5zRWiLpDxV3QhrypmkLcMMp91MUSwiTjvR+KbwOw9UaZbKezPJaCjwSLKYEWwKqU8SNqhUPTfwLALku94cyHPr9XrNq62UKizRHFQ++sOU5IJKQzjWuud7mQmnWBlGOJ2V+7mmGSZjPKI9SyUWVIfT+a0zdG6VIYpTZUsaNFe/T0yx0HoiItspsEn0b68Q//J6uYmvwimTWW6oJItFcc6RSVHxOBoyRYnhE0swUczeikiCFSbGxlO2Iax+/5+0a64fuMFdUG1cL+MowSmcwQX4cAkNuIUmtIBAAo/wDC+OcJ6cV+dt0brmLGdO4Aec9y87PI5h</latexit>

SM

<latexit sha1_base64="Mla9SyFsif38+ch+jY/+xo9UyBw=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmYkRHMLevEiRDQLJEPo6fQkTbp7hu4eIQz5CC8eFPHq93jzb+wsguuDgsd7VVTVCxPOtPG8dye3tLyyupZfL2xsbm3vFHf3mjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo4up37qjSrNY3ppxQgOBB5JFjGBjpVZXiezmatIrljy36vnVio9+E9/1ZijBAvVe8a3bj0kqqDSEY607vpeYIMPKMMLppNBNNU0wGeEB7VgqsaA6yGbnTtCRVfooipUtadBM/TqRYaH1WIS2U2Az1D+9qfiX10lNdBZkTCapoZLMF0UpRyZG099RnylKDB9bgoli9lZEhlhhYmxCBRvC56fof9I8cf2yW74ul2rnizjycACHcAw+nEINLqEODSAwgnt4hCcncR6cZ+dl3ppzFjP78A3O6wfRno/o</latexit>

SM

<latexit sha1_base64="Mla9SyFsif38+ch+jY/+xo9UyBw=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmYkRHMLevEiRDQLJEPo6fQkTbp7hu4eIQz5CC8eFPHq93jzb+wsguuDgsd7VVTVCxPOtPG8dye3tLyyupZfL2xsbm3vFHf3mjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fo4up37qjSrNY3ppxQgOBB5JFjGBjpVZXiezmatIrljy36vnVio9+E9/1ZijBAvVe8a3bj0kqqDSEY607vpeYIMPKMMLppNBNNU0wGeEB7VgqsaA6yGbnTtCRVfooipUtadBM/TqRYaH1WIS2U2Az1D+9qfiX10lNdBZkTCapoZLMF0UpRyZG099RnylKDB9bgoli9lZEhlhhYmxCBRvC56fof9I8cf2yW74ul2rnizjycACHcAw+nEINLqEODSAwgnt4hCcncR6cZ+dl3ppzFjP78A3O6wfRno/o</latexit>

Direct Detection
End result: 
Build an accurate velocity 
distribution of Dark Matter that 
includes all structures. 
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vmin = vmin(Ethresh,m�)

<latexit sha1_base64="t/3NtaJ8V/GzZhL89uALiCVsiVM=">AAACH3icdVDLSgMxFM34rPVVdekmWIQKUmZKqXYhFERwWcE+oC1DJs10QpPMkGQKZZg/ceOvuHGhiLjr35g+hPo6EDj3nHu5uceLGFXatifWyura+sZmZiu7vbO7t587OGyqMJaYNHDIQtn2kCKMCtLQVDPSjiRB3GOk5Q2vp35rRKSiobjX44j0OBoI6lOMtJHcXGXkJl3JE05FmsIruFwWbuaFDiRRQZqeQ24EHND0zM3l7WLVdqoVB/4mTtGeIQ8WqLu5j24/xDEnQmOGlOo4dqR7CZKaYkbSbDdWJEJ4iAakY6hAnKheMrsvhadG6UM/lOYJDWfq8kSCuFJj7plOjnSgfnpT8S+vE2v/spdQEcWaCDxf5McM6hBOw4J9KgnWbGwIwpKav0IcIImwNpFmTQhfl8L/SbNUdMrF8l05Xyst4siAY3ACCsABF6AGbkEdNAAGD+AJvIBX69F6tt6s93nrirWYOQLfYE0+AVsxpF8=</latexit>

|~v| [km/s]
<latexit sha1_base64="1CPXtSD8TW9jYXOmhGuwP3teO5I=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXNWkCnZZcOOygn1AEspkOmmHzkzCzKRQ0gj+ihsXirj1N9z5N04fC209cOFwzr3ce0+YMKq043xbhbX1jc2t4nZpZ3dv/8A+PGqpOJWYNHHMYtkJkSKMCtLUVDPSSSRBPGSkHQ5vp357RKSisXjQ44QEHPUFjShG2khd+2TijwjORvkEPvqSZ96QX6og79plp+LMAFeJuyBlsECja3/5vRinnAiNGVLKc51EBxmSmmJG8pKfKpIgPER94hkqECcqyGb35/DcKD0YxdKU0HCm/p7IEFdqzEPTyZEeqGVvKv7neamOakFGRZJqIvB8UZQyqGM4DQP2qCRYs7EhCEtqboV4gCTC2kRWMiG4yy+vkla14l5VqvfX5XptEUcRnIIzcAFccAPq4A40QBNgMAHP4BW8WU/Wi/VufcxbC9Zi5hj8gfX5A7mjloQ=</latexit>
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<latexit sha1_base64="LH5rirhaFmDKJITd3xev6scXluE=">AAACFXicbVDLSsNAFJ3UV62vqks3g0VoQWvSCnZZcOOygn1Ak5bJdNIOnUnCzKRQ0vgRbvwVNy4UcSu482+cPhbaeuDC4Zx7ufceN2RUKtP8NlJr6xubW+ntzM7u3v5B9vCoIYNIYFLHAQtEy0WSMOqTuqKKkVYoCOIuI013eDP1myMiJA38ezUOicNR36cexUhpqZs9t8xOGdqKciKhl5/YI4LjUTIpwAdb8LidH/JLWejEF1biJN1sziyaM8BVYi1IDixQ62a/7F6AI058hRmSsm2ZoXJiJBTFjCQZO5IkRHiI+qStqY/0FU48+yqBZ1rpQS8QunwFZ+rviRhxKcfc1Z0cqYFc9qbif147Ul7FiakfRor4eL7IixhUAZxGBHtUEKzYWBOEBdW3QjxAAmGlg8zoEKzll1dJo1S0ysXS3VWuWlnEkQYn4BTkgQWuQRXcghqoAwwewTN4BW/Gk/FivBsf89aUsZg5Bn9gfP4Ai+SdzA==</latexit>

Dark 
Disk

m� = 100 GeV

vmin = 95 km/s

<latexit sha1_base64="IMLobGjFqOyZAtxai8sBI69NTag="></latexit>

m� = 10 GeV

vmin = 567 km/s

<latexit sha1_base64="cjR/wK+cbvW/FktdMP47TrXDlOk="></latexit>
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<latexit sha1_base64="Mw6AcKDbUgtoyJand3/e8ms/M5M=">AAACAHicdVDLSgMxFM34rPU16sKFm2BRXJVM310IBRe6rGAf0BlKJk3b0GRmSDJCGerCX3HjQhG3foY7/8b0IajogQuHc+7l3nv8iDOlEfqwlpZXVtfWUxvpza3tnV17b7+pwlgS2iAhD2Xbx4pyFtCGZprTdiQpFj6nLX90MfVbt1QqFgY3ehxRT+BBwPqMYG2krn0oui4ZMnh6Dh0E71wpkkvanMCunUFZVCpW8wiibBE55WrVEIRKlXwOOoZMkQEL1Lv2u9sLSSxooAnHSnUcFGkvwVIzwukk7caKRpiM8IB2DA2woMpLZg9M4IlRerAfSlOBhjP1+0SChVJj4ZtOgfVQ/fam4l9eJ9b9ipewIIo1Dch8UT/mUIdwmgbsMUmJ5mNDMJHM3ArJEEtMtMksbUL4+hT+T5q5rFPIFq4LmVpuEUcKHIFjcAYcUAY1cAXqoAEImIAH8ASerXvr0XqxXuetS9Zi5gD8gPX2CafTlSQ=</latexit>
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<latexit sha1_base64="13fuSxB4ZYS4Iy0QjDeZPEGG8mY=">AAACAXicdZDLSgMxFIYz9VbrbdSN4CZYFFdDpoy1XQgFF7qsYC/QlpJJM21oMjMkGaEM7cZXceNCEbe+hTvfxvQiqOgPgZ/vnMPJ+f2YM6UR+rAyS8srq2vZ9dzG5tb2jr27V1dRIgmtkYhHsuljRTkLaU0zzWkzlhQLn9OGP7yc1ht3VCoWhbd6FNOOwP2QBYxgbVDXPhDdNhkweHIBXYTgpC1FekXrY9i188g5Q265WITIQcj1Sq4x5XLJQOgaMlUeLFTt2u/tXkQSQUNNOFaq5aJYd1IsNSOcjnPtRNEYkyHu05axIRZUddLZBWN4bEgPBpE0L9RwRr9PpFgoNRK+6RRYD9Tv2hT+VWslOih1UhbGiaYhmS8KEg51BKdxwB6TlGg+MgYTycxfIRlgiYk2oeVMCF+Xwv9NveC4nuPdePlKYRFHFhyCI3AKXHAOKuAaVEENEDABD+AJPFv31qP1Yr3OWzPWYmYf/JD19gkbFpVe</latexit>

Rate / ⇢DM

Z 1

vmin

f(v)

v
dv

<latexit sha1_base64="kwhBOw4alO9sKbjrJYlbDW1CwGs="></latexit>

We finally have the resources 
in observations and 

simulations to address the 
elephant in the room in Dark 

Matter detection:
Astrophysics!


