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Dark Matter Velocity Distribution f(v)
& The Standard Halo Model 
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Treat the dark matter as a collision-less fluid with phase space 

conservation of fluid mass

steady state 
isotropic velocities 
flat rotation curve

additional assumptions

Maxwell-Boltzmann

Ostriker, Peebles, and Yahil (1974); Bahcall and Soneira (1980); Caldwell and Ostriker (1981); Drukier, Freese, and Spergel 

isothermal density

f(x, p, t)
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n ⇠ r�2
<latexit sha1_base64="2dXGJN/Ppw+gAMGHWd2+bT0Grl4=">AAAB9HicdVDLSgMxFM34rPVVdekmWAQ3DjPFPgZcFNy4rGAf0I4lk2ba0CQzJplCGfodblwo4taPceffmE4rqOiBC4dz7uXee4KYUaUd58NaWV1b39jMbeW3d3b39gsHhy0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g/HV3G9PiFQ0Erd6GhOfo6GgIcVIG8kXsKcoh/IuPS/N+oWiY3ueV6rWoCEVz3OrGSmX3Qp0bSdDESzR6Bfee4MIJ5wIjRlSqus6sfZTJDXFjMzyvUSRGOExGpKuoQJxovw0O3oGT40ygGEkTQkNM/X7RIq4UlMemE6O9Ej99ubiX1430WHNT6mIE00EXiwKEwZ1BOcJwAGVBGs2NQRhSc2tEI+QRFibnPImhK9P4f+kVbJdx3ZvLor1y2UcOXAMTsAZcEEV1ME1aIAmwOAePIAn8GxNrEfrxXpdtK5Yy5kj8APW2yd38JHl</latexit><latexit sha1_base64="2dXGJN/Ppw+gAMGHWd2+bT0Grl4=">AAAB9HicdVDLSgMxFM34rPVVdekmWAQ3DjPFPgZcFNy4rGAf0I4lk2ba0CQzJplCGfodblwo4taPceffmE4rqOiBC4dz7uXee4KYUaUd58NaWV1b39jMbeW3d3b39gsHhy0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g/HV3G9PiFQ0Erd6GhOfo6GgIcVIG8kXsKcoh/IuPS/N+oWiY3ueV6rWoCEVz3OrGSmX3Qp0bSdDESzR6Bfee4MIJ5wIjRlSqus6sfZTJDXFjMzyvUSRGOExGpKuoQJxovw0O3oGT40ygGEkTQkNM/X7RIq4UlMemE6O9Ej99ubiX1430WHNT6mIE00EXiwKEwZ1BOcJwAGVBGs2NQRhSc2tEI+QRFibnPImhK9P4f+kVbJdx3ZvLor1y2UcOXAMTsAZcEEV1ME1aIAmwOAePIAn8GxNrEfrxXpdtK5Yy5kj8APW2yd38JHl</latexit><latexit sha1_base64="2dXGJN/Ppw+gAMGHWd2+bT0Grl4=">AAAB9HicdVDLSgMxFM34rPVVdekmWAQ3DjPFPgZcFNy4rGAf0I4lk2ba0CQzJplCGfodblwo4taPceffmE4rqOiBC4dz7uXee4KYUaUd58NaWV1b39jMbeW3d3b39gsHhy0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g/HV3G9PiFQ0Erd6GhOfo6GgIcVIG8kXsKcoh/IuPS/N+oWiY3ueV6rWoCEVz3OrGSmX3Qp0bSdDESzR6Bfee4MIJ5wIjRlSqus6sfZTJDXFjMzyvUSRGOExGpKuoQJxovw0O3oGT40ygGEkTQkNM/X7RIq4UlMemE6O9Ej99ubiX1430WHNT6mIE00EXiwKEwZ1BOcJwAGVBGs2NQRhSc2tEI+QRFibnPImhK9P4f+kVbJdx3ZvLor1y2UcOXAMTsAZcEEV1ME1aIAmwOAePIAn8GxNrEfrxXpdtK5Yy5kj8APW2yd38JHl</latexit><latexit sha1_base64="2dXGJN/Ppw+gAMGHWd2+bT0Grl4=">AAAB9HicdVDLSgMxFM34rPVVdekmWAQ3DjPFPgZcFNy4rGAf0I4lk2ba0CQzJplCGfodblwo4taPceffmE4rqOiBC4dz7uXee4KYUaUd58NaWV1b39jMbeW3d3b39gsHhy0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g/HV3G9PiFQ0Erd6GhOfo6GgIcVIG8kXsKcoh/IuPS/N+oWiY3ueV6rWoCEVz3OrGSmX3Qp0bSdDESzR6Bfee4MIJ5wIjRlSqus6sfZTJDXFjMzyvUSRGOExGpKuoQJxovw0O3oGT40ygGEkTQkNM/X7RIq4UlMemE6O9Ej99ubiX1430WHNT6mIE00EXiwKEwZ1BOcJwAGVBGs2NQRhSc2tEI+QRFibnPImhK9P4f+kVbJdx3ZvLor1y2UcOXAMTsAZcEEV1ME1aIAmwOAePIAn8GxNrEfrxXpdtK5Yy5kj8APW2yd38JHl</latexit>

@f

@t
+ ẋ

@f

@x
+ ṗ

@f

@p
= 0

<latexit sha1_base64="Dtw41oxIs1LdpqeS5B73yPnLUcU="></latexit><latexit sha1_base64="Dtw41oxIs1LdpqeS5B73yPnLUcU="></latexit><latexit sha1_base64="Dtw41oxIs1LdpqeS5B73yPnLUcU="></latexit><latexit sha1_base64="Dtw41oxIs1LdpqeS5B73yPnLUcU="></latexit>

Assumes 
DM is fully 
virialized!

Can there be 
substructure?
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Disk stars: younger, high in heavy elements 
z

<latexit sha1_base64="nPydDM9EzaFDKqmu3N3CxXl/hSs=">AAAB9XicdVDNS8MwHE3n15xfU49egkPwVNpZt/U28OJxgvuArY40TbewNC1Jqsyy/8OLB0W8+r94878x3Sao6IOQx3u/H3l5fsKoVJb1YRRWVtfWN4qbpa3tnd298v5BR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+5CL3u7dESBrzazVNiBehEachxUhp6WbgxyyQ00hf2f1sWK5YpmvXzmsutEzHcm3X0eSs4dScOrRNa44KWKI1LL8PghinEeEKMyRl37YS5WVIKIoZmZUGqSQJwhM0In1NOYqI9LJ56hk80UoAw1jowxWcq983MhTJPJqejJAay99eLv7l9VMVNryM8iRVhOPFQ2HKoIphXgEMqCBYsakmCAuqs0I8RgJhpYsq6RK+fgr/J52qaVumfeVUmtVlHUVwBI7BKbBBHTTBJWiBNsBAgAfwBJ6NO+PReDFeF6MFY7lzCH7AePsE2xKTWg==</latexit><latexit sha1_base64="nPydDM9EzaFDKqmu3N3CxXl/hSs=">AAAB9XicdVDNS8MwHE3n15xfU49egkPwVNpZt/U28OJxgvuArY40TbewNC1Jqsyy/8OLB0W8+r94878x3Sao6IOQx3u/H3l5fsKoVJb1YRRWVtfWN4qbpa3tnd298v5BR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+5CL3u7dESBrzazVNiBehEachxUhp6WbgxyyQ00hf2f1sWK5YpmvXzmsutEzHcm3X0eSs4dScOrRNa44KWKI1LL8PghinEeEKMyRl37YS5WVIKIoZmZUGqSQJwhM0In1NOYqI9LJ56hk80UoAw1jowxWcq983MhTJPJqejJAay99eLv7l9VMVNryM8iRVhOPFQ2HKoIphXgEMqCBYsakmCAuqs0I8RgJhpYsq6RK+fgr/J52qaVumfeVUmtVlHUVwBI7BKbBBHTTBJWiBNsBAgAfwBJ6NO+PReDFeF6MFY7lzCH7AePsE2xKTWg==</latexit><latexit sha1_base64="nPydDM9EzaFDKqmu3N3CxXl/hSs=">AAAB9XicdVDNS8MwHE3n15xfU49egkPwVNpZt/U28OJxgvuArY40TbewNC1Jqsyy/8OLB0W8+r94878x3Sao6IOQx3u/H3l5fsKoVJb1YRRWVtfWN4qbpa3tnd298v5BR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+5CL3u7dESBrzazVNiBehEachxUhp6WbgxyyQ00hf2f1sWK5YpmvXzmsutEzHcm3X0eSs4dScOrRNa44KWKI1LL8PghinEeEKMyRl37YS5WVIKIoZmZUGqSQJwhM0In1NOYqI9LJ56hk80UoAw1jowxWcq983MhTJPJqejJAay99eLv7l9VMVNryM8iRVhOPFQ2HKoIphXgEMqCBYsakmCAuqs0I8RgJhpYsq6RK+fgr/J52qaVumfeVUmtVlHUVwBI7BKbBBHTTBJWiBNsBAgAfwBJ6NO+PReDFeF6MFY7lzCH7AePsE2xKTWg==</latexit><latexit sha1_base64="nPydDM9EzaFDKqmu3N3CxXl/hSs=">AAAB9XicdVDNS8MwHE3n15xfU49egkPwVNpZt/U28OJxgvuArY40TbewNC1Jqsyy/8OLB0W8+r94878x3Sao6IOQx3u/H3l5fsKoVJb1YRRWVtfWN4qbpa3tnd298v5BR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+5CL3u7dESBrzazVNiBehEachxUhp6WbgxyyQ00hf2f1sWK5YpmvXzmsutEzHcm3X0eSs4dScOrRNa44KWKI1LL8PghinEeEKMyRl37YS5WVIKIoZmZUGqSQJwhM0In1NOYqI9LJ56hk80UoAw1jowxWcq983MhTJPJqejJAay99eLv7l9VMVNryM8iRVhOPFQ2HKoIphXgEMqCBYsakmCAuqs0I8RgJhpYsq6RK+fgr/J52qaVumfeVUmtVlHUVwBI7BKbBBHTTBJWiBNsBAgAfwBJ6NO+PReDFeF6MFY7lzCH7AePsE2xKTWg==</latexit>

v�
<latexit sha1_base64="hqpejQcHOAFRBqsmDVvf1APgueU=">AAAB/HicdVDNS8MwHE3n15xf1R29BIfgqbSz7uM28OJxgvuAtYw0y7awNC1JOihl/itePCji1T/Em/+N6TZBRR+EPN77/cjLC2JGpbLtD6Owsbm1vVPcLe3tHxwemccnXRklApMOjlgk+gGShFFOOooqRvqxICgMGOkFs+vc782JkDTidyqNiR+iCadjipHS0tAse0HERjIN9ZXNh148pYuhWbGtplO7qjWhbbl202m6mlw23Jpbh45lL1EBa7SH5rs3inASEq4wQ1IOHDtWfoaEopiRRclLJIkRnqEJGWjKUUikny3DL+C5VkZwHAl9uIJL9ftGhkKZ59OTIVJT+dvLxb+8QaLGDT+jPE4U4Xj10DhhUEUwbwKOqCBYsVQThAXVWSGeIoGw0n2VdAlfP4X/k27VcmzLuXUrreq6jiI4BWfgAjigDlrgBrRBB2CQggfwBJ6Ne+PReDFeV6MFY71TBj9gvH0CKdyVtQ==</latexit><latexit sha1_base64="hqpejQcHOAFRBqsmDVvf1APgueU=">AAAB/HicdVDNS8MwHE3n15xf1R29BIfgqbSz7uM28OJxgvuAtYw0y7awNC1JOihl/itePCji1T/Em/+N6TZBRR+EPN77/cjLC2JGpbLtD6Owsbm1vVPcLe3tHxwemccnXRklApMOjlgk+gGShFFOOooqRvqxICgMGOkFs+vc782JkDTidyqNiR+iCadjipHS0tAse0HERjIN9ZXNh148pYuhWbGtplO7qjWhbbl202m6mlw23Jpbh45lL1EBa7SH5rs3inASEq4wQ1IOHDtWfoaEopiRRclLJIkRnqEJGWjKUUikny3DL+C5VkZwHAl9uIJL9ftGhkKZ59OTIVJT+dvLxb+8QaLGDT+jPE4U4Xj10DhhUEUwbwKOqCBYsVQThAXVWSGeIoGw0n2VdAlfP4X/k27VcmzLuXUrreq6jiI4BWfgAjigDlrgBrRBB2CQggfwBJ6Ne+PReDFeV6MFY71TBj9gvH0CKdyVtQ==</latexit><latexit sha1_base64="hqpejQcHOAFRBqsmDVvf1APgueU=">AAAB/HicdVDNS8MwHE3n15xf1R29BIfgqbSz7uM28OJxgvuAtYw0y7awNC1JOihl/itePCji1T/Em/+N6TZBRR+EPN77/cjLC2JGpbLtD6Owsbm1vVPcLe3tHxwemccnXRklApMOjlgk+gGShFFOOooqRvqxICgMGOkFs+vc782JkDTidyqNiR+iCadjipHS0tAse0HERjIN9ZXNh148pYuhWbGtplO7qjWhbbl202m6mlw23Jpbh45lL1EBa7SH5rs3inASEq4wQ1IOHDtWfoaEopiRRclLJIkRnqEJGWjKUUikny3DL+C5VkZwHAl9uIJL9ftGhkKZ59OTIVJT+dvLxb+8QaLGDT+jPE4U4Xj10DhhUEUwbwKOqCBYsVQThAXVWSGeIoGw0n2VdAlfP4X/k27VcmzLuXUrreq6jiI4BWfgAjigDlrgBrRBB2CQggfwBJ6Ne+PReDFeV6MFY71TBj9gvH0CKdyVtQ==</latexit><latexit sha1_base64="hqpejQcHOAFRBqsmDVvf1APgueU=">AAAB/HicdVDNS8MwHE3n15xf1R29BIfgqbSz7uM28OJxgvuAtYw0y7awNC1JOihl/itePCji1T/Em/+N6TZBRR+EPN77/cjLC2JGpbLtD6Owsbm1vVPcLe3tHxwemccnXRklApMOjlgk+gGShFFOOooqRvqxICgMGOkFs+vc782JkDTidyqNiR+iCadjipHS0tAse0HERjIN9ZXNh148pYuhWbGtplO7qjWhbbl202m6mlw23Jpbh45lL1EBa7SH5rs3inASEq4wQ1IOHDtWfoaEopiRRclLJIkRnqEJGWjKUUikny3DL+C5VkZwHAl9uIJL9ftGhkKZ59OTIVJT+dvLxb+8QaLGDT+jPE4U4Xj10DhhUEUwbwKOqCBYsVQThAXVWSGeIoGw0n2VdAlfP4X/k27VcmzLuXUrreq6jiI4BWfgAjigDlrgBrRBB2CQggfwBJ6Ne+PReDFeV6MFY71TBj9gvH0CKdyVtQ==</latexit>

Halo stars: older,  low in heavy elements,   
primarily from accreted satellite mergers



• Single merger dragged in the majority of the local accreted stars

Merger History of the Milky Way
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Belokurov et al. (2018); Helmi et al. (2018) Video Credit: H. Koppelman, A. Villalobos, A. Helmi
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How does 
Gaia-

Enceladus 
affect ?  f(v)

z
<latexit sha1_base64="nPydDM9EzaFDKqmu3N3CxXl/hSs=">AAAB9XicdVDNS8MwHE3n15xfU49egkPwVNpZt/U28OJxgvuArY40TbewNC1Jqsyy/8OLB0W8+r94878x3Sao6IOQx3u/H3l5fsKoVJb1YRRWVtfWN4qbpa3tnd298v5BR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+5CL3u7dESBrzazVNiBehEachxUhp6WbgxyyQ00hf2f1sWK5YpmvXzmsutEzHcm3X0eSs4dScOrRNa44KWKI1LL8PghinEeEKMyRl37YS5WVIKIoZmZUGqSQJwhM0In1NOYqI9LJ56hk80UoAw1jowxWcq983MhTJPJqejJAay99eLv7l9VMVNryM8iRVhOPFQ2HKoIphXgEMqCBYsakmCAuqs0I8RgJhpYsq6RK+fgr/J52qaVumfeVUmtVlHUVwBI7BKbBBHTTBJWiBNsBAgAfwBJ6NO+PReDFeF6MFY7lzCH7AePsE2xKTWg==</latexit><latexit sha1_base64="nPydDM9EzaFDKqmu3N3CxXl/hSs=">AAAB9XicdVDNS8MwHE3n15xfU49egkPwVNpZt/U28OJxgvuArY40TbewNC1Jqsyy/8OLB0W8+r94878x3Sao6IOQx3u/H3l5fsKoVJb1YRRWVtfWN4qbpa3tnd298v5BR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+5CL3u7dESBrzazVNiBehEachxUhp6WbgxyyQ00hf2f1sWK5YpmvXzmsutEzHcm3X0eSs4dScOrRNa44KWKI1LL8PghinEeEKMyRl37YS5WVIKIoZmZUGqSQJwhM0In1NOYqI9LJ56hk80UoAw1jowxWcq983MhTJPJqejJAay99eLv7l9VMVNryM8iRVhOPFQ2HKoIphXgEMqCBYsakmCAuqs0I8RgJhpYsq6RK+fgr/J52qaVumfeVUmtVlHUVwBI7BKbBBHTTBJWiBNsBAgAfwBJ6NO+PReDFeF6MFY7lzCH7AePsE2xKTWg==</latexit><latexit sha1_base64="nPydDM9EzaFDKqmu3N3CxXl/hSs=">AAAB9XicdVDNS8MwHE3n15xfU49egkPwVNpZt/U28OJxgvuArY40TbewNC1Jqsyy/8OLB0W8+r94878x3Sao6IOQx3u/H3l5fsKoVJb1YRRWVtfWN4qbpa3tnd298v5BR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+5CL3u7dESBrzazVNiBehEachxUhp6WbgxyyQ00hf2f1sWK5YpmvXzmsutEzHcm3X0eSs4dScOrRNa44KWKI1LL8PghinEeEKMyRl37YS5WVIKIoZmZUGqSQJwhM0In1NOYqI9LJ56hk80UoAw1jowxWcq983MhTJPJqejJAay99eLv7l9VMVNryM8iRVhOPFQ2HKoIphXgEMqCBYsakmCAuqs0I8RgJhpYsq6RK+fgr/J52qaVumfeVUmtVlHUVwBI7BKbBBHTTBJWiBNsBAgAfwBJ6NO+PReDFeF6MFY7lzCH7AePsE2xKTWg==</latexit><latexit sha1_base64="nPydDM9EzaFDKqmu3N3CxXl/hSs=">AAAB9XicdVDNS8MwHE3n15xfU49egkPwVNpZt/U28OJxgvuArY40TbewNC1Jqsyy/8OLB0W8+r94878x3Sao6IOQx3u/H3l5fsKoVJb1YRRWVtfWN4qbpa3tnd298v5BR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+5CL3u7dESBrzazVNiBehEachxUhp6WbgxyyQ00hf2f1sWK5YpmvXzmsutEzHcm3X0eSs4dScOrRNa44KWKI1LL8PghinEeEKMyRl37YS5WVIKIoZmZUGqSQJwhM0In1NOYqI9LJ56hk80UoAw1jowxWcq983MhTJPJqejJAay99eLv7l9VMVNryM8iRVhOPFQ2HKoIphXgEMqCBYsakmCAuqs0I8RgJhpYsq6RK+fgr/J52qaVumfeVUmtVlHUVwBI7BKbBBHTTBJWiBNsBAgAfwBJ6NO+PReDFeF6MFY7lzCH7AePsE2xKTWg==</latexit>

v�
<latexit sha1_base64="hqpejQcHOAFRBqsmDVvf1APgueU=">AAAB/HicdVDNS8MwHE3n15xf1R29BIfgqbSz7uM28OJxgvuAtYw0y7awNC1JOihl/itePCji1T/Em/+N6TZBRR+EPN77/cjLC2JGpbLtD6Owsbm1vVPcLe3tHxwemccnXRklApMOjlgk+gGShFFOOooqRvqxICgMGOkFs+vc782JkDTidyqNiR+iCadjipHS0tAse0HERjIN9ZXNh148pYuhWbGtplO7qjWhbbl202m6mlw23Jpbh45lL1EBa7SH5rs3inASEq4wQ1IOHDtWfoaEopiRRclLJIkRnqEJGWjKUUikny3DL+C5VkZwHAl9uIJL9ftGhkKZ59OTIVJT+dvLxb+8QaLGDT+jPE4U4Xj10DhhUEUwbwKOqCBYsVQThAXVWSGeIoGw0n2VdAlfP4X/k27VcmzLuXUrreq6jiI4BWfgAjigDlrgBrRBB2CQggfwBJ6Ne+PReDFeV6MFY71TBj9gvH0CKdyVtQ==</latexit><latexit sha1_base64="hqpejQcHOAFRBqsmDVvf1APgueU=">AAAB/HicdVDNS8MwHE3n15xf1R29BIfgqbSz7uM28OJxgvuAtYw0y7awNC1JOihl/itePCji1T/Em/+N6TZBRR+EPN77/cjLC2JGpbLtD6Owsbm1vVPcLe3tHxwemccnXRklApMOjlgk+gGShFFOOooqRvqxICgMGOkFs+vc782JkDTidyqNiR+iCadjipHS0tAse0HERjIN9ZXNh148pYuhWbGtplO7qjWhbbl202m6mlw23Jpbh45lL1EBa7SH5rs3inASEq4wQ1IOHDtWfoaEopiRRclLJIkRnqEJGWjKUUikny3DL+C5VkZwHAl9uIJL9ftGhkKZ59OTIVJT+dvLxb+8QaLGDT+jPE4U4Xj10DhhUEUwbwKOqCBYsVQThAXVWSGeIoGw0n2VdAlfP4X/k27VcmzLuXUrreq6jiI4BWfgAjigDlrgBrRBB2CQggfwBJ6Ne+PReDFeV6MFY71TBj9gvH0CKdyVtQ==</latexit><latexit sha1_base64="hqpejQcHOAFRBqsmDVvf1APgueU=">AAAB/HicdVDNS8MwHE3n15xf1R29BIfgqbSz7uM28OJxgvuAtYw0y7awNC1JOihl/itePCji1T/Em/+N6TZBRR+EPN77/cjLC2JGpbLtD6Owsbm1vVPcLe3tHxwemccnXRklApMOjlgk+gGShFFOOooqRvqxICgMGOkFs+vc782JkDTidyqNiR+iCadjipHS0tAse0HERjIN9ZXNh148pYuhWbGtplO7qjWhbbl202m6mlw23Jpbh45lL1EBa7SH5rs3inASEq4wQ1IOHDtWfoaEopiRRclLJIkRnqEJGWjKUUikny3DL+C5VkZwHAl9uIJL9ftGhkKZ59OTIVJT+dvLxb+8QaLGDT+jPE4U4Xj10DhhUEUwbwKOqCBYsVQThAXVWSGeIoGw0n2VdAlfP4X/k27VcmzLuXUrreq6jiI4BWfgAjigDlrgBrRBB2CQggfwBJ6Ne+PReDFeV6MFY71TBj9gvH0CKdyVtQ==</latexit><latexit sha1_base64="hqpejQcHOAFRBqsmDVvf1APgueU=">AAAB/HicdVDNS8MwHE3n15xf1R29BIfgqbSz7uM28OJxgvuAtYw0y7awNC1JOihl/itePCji1T/Em/+N6TZBRR+EPN77/cjLC2JGpbLtD6Owsbm1vVPcLe3tHxwemccnXRklApMOjlgk+gGShFFOOooqRvqxICgMGOkFs+vc782JkDTidyqNiR+iCadjipHS0tAse0HERjIN9ZXNh148pYuhWbGtplO7qjWhbbl202m6mlw23Jpbh45lL1EBa7SH5rs3inASEq4wQ1IOHDtWfoaEopiRRclLJIkRnqEJGWjKUUikny3DL+C5VkZwHAl9uIJL9ftGhkKZ59OTIVJT+dvLxb+8QaLGDT+jPE4U4Xj10DhhUEUwbwKOqCBYsVQThAXVWSGeIoGw0n2VdAlfP4X/k27VcmzLuXUrreq6jiI4BWfgAjigDlrgBrRBB2CQggfwBJ6Ne+PReDFeV6MFY71TBj9gvH0CKdyVtQ==</latexit>
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Figure 3. Best-fit distributions of the spherical Galactocentric velocity components and metallicity for the SDSS-Gaia DR2
sample in the region within r 2 [7.5, 8.5] kpc and |z| > 2.5 kpc (clockwise from top left: vr, v✓, [Fe/H], and v�). These
distributions are found from sampling the posteriors of the model parameters. In each panel, the disk, halo, and substructure
distributions are shown as solid green, dashed red, and dotted blue lines, respectively. The data is represented by gray histograms.
The corresponding corner plots are shown in the Appendix as Figs. S6, S7, and S8.

moves from |z| > 2.5 kpc to > 4 kpc. The vr distribu-
tion broadens slightly and the median v� shifts to lower
values, as expected from asymmetric drift (Bond et al.
2010)
Fig. 5 shows the corresponding distributions for the

halo, which remain constant over the full z-range ex-
plored here. This population is clearly very metal-
poor with a median [Fe/H] = �1.82. Its velocity dis-
tribution is nearly isotropic as �r = 136.1+3.6

�3.6 km/s,
�✓ = 112.5+4.1

�3.8 km/s, and �� = 139.1+5.5
�5.2 km/s.

The radial and azimuthal means are non-zero, with
µr = 10.0�4.6

+4.9 km/s and µ� = 24.9�5.6
+4.6 km/s. All

three correlation coe�cients are small: (⇢r✓, ⇢r�, ⇢✓�) =
(�0.03+0.03

�0.03, �0.08+0.03
�0.03, 0.06

+0.01
�0.02).

The halo is subdominant to the substructure, which
is distinctive in both chemical abundance and kinemat-
ics. As shown in Fig. 6, the median metallicity of

the substructure remains constant at [Fe/H] = �1.39
over all z-values. This population is more metal-rich,
on average, than the halo, but more metal-poor than
the disk. The radial velocity lobes are centered at
µr = ±147.6+7.2

�6.4 km/s with �r = 113.6+3.1
�3.0 km/s.

There is no evidence for rotation in the polar direction
(µ✓ = �2.8+1.5

�1.6 km/s and �✓ = 65.2+1.1
�1.2 km/s), how-

ever there is a larger o↵set in the azimuthal direction,
with µ� = 27.9+2.8

�2.9 km/s and �� = 61.9+2.6
�2.9 km/s. The

correlations ⇢r✓ and ⇢✓� are consistent with zero, while
⇢r✓ = 0.18+0.03

�0.03.
Fig. 7 shows the fractional contribution of the disk,

halo, and substructure stars in the dataset. We see that
the disk contribution reduces from 40% at |z| > 2.5 kpc,
down to 25% at |z| > 4 kpc. The halo contribution
increases mildly in this range, as might be expected.
However, the relative fraction of the substructure to the
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the disk contribution reduces from 40% at |z| > 2.5 kpc,
down to 25% at |z| > 4 kpc. The halo contribution
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• DM velocities should track that of Gaia-Enceladus (subs) stars 


• ~ 40% of local DM is in Gaia-Enceladus 


• We want to study the properties of these stars (but first we need to find more of 
them)!

Adriana Dropulic - May 24, 2021



The Gaia Mission 
Gaia Collaboration (2018)

• Astrometric survey, goal to observe positions 
and velocities of ~1 billion Milky Way stars 


• But, only a small number of these (~7 million) 
have full velocity information


• → Machine learning! (on a mock Gaia 
catalog)


• Neural network can predict accurate velocity 
distributions

7
Adriana Dropulic - May 24, 2021



Machine Learning the 6th Dimension
6th dimension = velocity along the line-of-sight

8Adriana Dropulic - May 24, 2021

Network Inputs 

5D astrometric 

coordinates

Network Outputs

line-of-sight velocity

uncertainty on

line-of-sight velocity


prediction

AD, Ostdiek, Chang, Liu, Cohen, and Lisanti [2103.14039]

supported by the Schmidt DataX Fund

ℒ =
N

∑
i=1

wi

N
(vlos,i − vpred

los,i )
2

( 2σpred
los,i )

2 − log
1

2π σpred
los,i



Results on Mock Gaia Data
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AD, Ostdiek, Chang, Liu, Cohen, and Lisanti [2103.14039]

• Network is trained on subset of mock catalog with full 6D information (+ Enceladus-like 
stars) and tested on the rest of the catalog

We can already see 
Enceladus in the 

extended radial 

velocity distribution 

(that the network 

can correctly 
identify)! 

supported by the Schmidt DataX Fund
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Current and Future Work

10

Apply the network to real Gaia data 

Identify more Enceladus stars

Dark matter - stellar correspondence

Improve empirical halo model 

Adriana Dropulic - May 24, 2021
supported by the Schmidt DataX Fund



Backup

Adriana Dropulic - May 24, 2021



Chemical Abundance
• Low metallicity of the halo: majority of gas was expelled from the halo before significant 

supernova-induced enrichment could occur. 


• Merging galaxies typically only experience a brief period of star formation


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


• This gas may have formed much of the Galaxy's bulge.

12

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

Core-collapse Supernova

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

Thermonuclear Supernova

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

Adriana Dropulic - May 24, 2021
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