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Rubin and Ford (1970); Roberts and Whitehurst (1975); Rubin, Thonnard and Ford (1980);  Bosma (1981) 
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Can visible matter source accelerations larger than Newton predicted?

Modify Gravity

not 
observedaz

ML, Moschella, Outmezguine, and Slone, PRD (2019)

Reproducing flat rotation curves over-predicts the vertical velocity of stars; 
highly constrained by current surveys



halo
Dark matter forms a halo, not a thin disk, 

because it is non-dissipative

Add Some (Dark) Matter

relevant scales

Mhalo ⇠ 1012 M�
<latexit sha1_base64="cikWyHEursmM1nVPEwYCJ7wVry4="></latexit><latexit sha1_base64="cikWyHEursmM1nVPEwYCJ7wVry4="></latexit><latexit sha1_base64="cikWyHEursmM1nVPEwYCJ7wVry4="></latexit><latexit sha1_base64="cikWyHEursmM1nVPEwYCJ7wVry4="></latexit>

Rhalo ⇠ 100 kpc
<latexit sha1_base64="Pc7MrLtIVsXDbe3Dt9HEcf3zj50="></latexit><latexit sha1_base64="Pc7MrLtIVsXDbe3Dt9HEcf3zj50="></latexit><latexit sha1_base64="Pc7MrLtIVsXDbe3Dt9HEcf3zj50="></latexit><latexit sha1_base64="Pc7MrLtIVsXDbe3Dt9HEcf3zj50="></latexit>

hvi ⇠
s

GMhalo

Rhalo
⇠ 200 km/s

<latexit sha1_base64="JzAwnhc+VSyLBS4opJyn7xn4Om4="></latexit><latexit sha1_base64="JzAwnhc+VSyLBS4opJyn7xn4Om4="></latexit><latexit sha1_base64="JzAwnhc+VSyLBS4opJyn7xn4Om4="></latexit><latexit sha1_base64="JzAwnhc+VSyLBS4opJyn7xn4Om4="></latexit>

A flat rotation curve implies that 
the enclosed mass scales as

M(r) ⇠ r
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Local Dark Matter Map

Image: SLAC

AfterBefore
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Dark matter can scatter off a nucleus in a detector to 
yield an observable nuclear recoil

Need a phase-space map of the halo to 
accurately predict scattering rate

D

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

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 (1986)

isothermal density

f(x, p, t)
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Galactic Cannibalism & Dark Matter

Unveiling the Milky Way’s Past with Gaia



Simulated Galaxy Formation
Stellar Structure Evolution in the FIRE Simulation 

Hopkins et al. (2015)

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



Recent Mergers

Tidal forces strip dark matter and stars from a satellite galaxy  
as it falls into the Milky Way

satellite galaxy

tidal stream



The Sagittarius Stream

Stellar stream has been observed for the Sagittarius merger

(dark matter not shown)

Ibata et al (1994); Ivezic et al (2000); Yanny et al (2000)

David R. Law 
UCLA



Streams in FIRE Simulation
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Figure 5. Present-day velocity distributions for the debris of Merger I of m12f (top) and Merger II of m12i (bottom) that falls

within the solar circle. The radial (left), tangential (middle), and speed (right) distributions are shown for the stars (purple

solid) and dark matter (blue solid). The details of the mergers are provided in Table 1; the corresponding distributions for the

other mergers listed in the table are provided in Fig. S2 and Fig. S3 of the Appendix. As discussed in the text, Merger I of

m12f is an example of a stream, while Merger II of m12i is an example of debris flow.

debris flow. The stellar material from this satellite was
accreted at zacc ⇠ 2 and is therefore older than Merger I
of m12f. In this case, the DM and stars trace each other
closely in all velocity components. The deviations be-
tween the distributions are typically under 15% in each
bin, reaching ⇠ 30% in some bins along the tails. Addi-
tionally, the DM and stellar debris from this merger are
spatially uniform within the solar circle, as shown in the
bottom panel of Fig. 6.
The velocity distribution of the stars and DM of

m12i’s Merger II retain important features that corre-
spond to the satellite’s orbital properties, even if the
sharp coherence in speed is lost. For example, the radial
velocity distribution is extended and box–like, a feature
of satellites on radial orbits. In such cases, most of the
debris is stripped as the satellite moves towards/away
from the galactic center, resulting in two peaks of the
same radial speed, but opposite direction (±vr). If the
dispersion of these peaks is considerably larger than vr,
then they bleed into each other, forming a box-like dis-
tribution. This is expected if the turning points of the
orbit do not fall near or within the solar circle, so one is
primarily sampling material that is removed while the
satellite is on a radial trajectory.
Because the spatial variation of the DM and stars is

uniform in this case, their velocity distributions are con-

sistent across localized regions of the solar circle. The
bottom panel of Fig. 7 shows the ratio of DM to stellar
velocity distributions for this merger. In this case, the
ratio is tightly centered about unity over all the regions
sampled.
While we only discussed Merger I of m12f and

Merger II of m12i in this subsection, the conclusions
remain unchanged when studying the other significant
mergers in both hosts. The DM and stellar velocity dis-
tributions for these mergers are provided in Fig. S2 and
Fig. S3 of the Appendix.

5. THE TOTAL DARK MATTER DISTRIBUTION

In the previous section, we saw that the kinematics
of the DM and stars accreted from luminous satellites
are well-correlated for older mergers—specifically, the
relaxed component and debris flow. In this section, we
will describe how to combine the separate contributions
from these populations with the goal of constructing the
DM speed distribution at the solar circle. Sec. 5.1 will fo-
cus on summing the contributions from the relaxed DM
with that originating from Mergers I and II in m12i. As
we will see in Sec. 6, this methodology will have impor-
tant applications for the Milky Way, given its similarities
to m12i. Sec. 5.2 will discuss the ‘Dark/Unresolved’ DM
component.
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Figure 5. Present-day velocity distributions for the debris of Merger I of m12f (top) and Merger II of m12i (bottom) that falls

within the solar circle. The radial (left), tangential (middle), and speed (right) distributions are shown for the stars (purple

solid) and dark matter (blue solid). The details of the mergers are provided in Table 1; the corresponding distributions for the

other mergers listed in the table are provided in Fig. S2 and Fig. S3 of the Appendix. As discussed in the text, Merger I of

m12f is an example of a stream, while Merger II of m12i is an example of debris flow.

debris flow. The stellar material from this satellite was
accreted at zacc ⇠ 2 and is therefore older than Merger I
of m12f. In this case, the DM and stars trace each other
closely in all velocity components. The deviations be-
tween the distributions are typically under 15% in each
bin, reaching ⇠ 30% in some bins along the tails. Addi-
tionally, the DM and stellar debris from this merger are
spatially uniform within the solar circle, as shown in the
bottom panel of Fig. 6.
The velocity distribution of the stars and DM of

m12i’s Merger II retain important features that corre-
spond to the satellite’s orbital properties, even if the
sharp coherence in speed is lost. For example, the radial
velocity distribution is extended and box–like, a feature
of satellites on radial orbits. In such cases, most of the
debris is stripped as the satellite moves towards/away
from the galactic center, resulting in two peaks of the
same radial speed, but opposite direction (±vr). If the
dispersion of these peaks is considerably larger than vr,
then they bleed into each other, forming a box-like dis-
tribution. This is expected if the turning points of the
orbit do not fall near or within the solar circle, so one is
primarily sampling material that is removed while the
satellite is on a radial trajectory.
Because the spatial variation of the DM and stars is

uniform in this case, their velocity distributions are con-

sistent across localized regions of the solar circle. The
bottom panel of Fig. 7 shows the ratio of DM to stellar
velocity distributions for this merger. In this case, the
ratio is tightly centered about unity over all the regions
sampled.
While we only discussed Merger I of m12f and

Merger II of m12i in this subsection, the conclusions
remain unchanged when studying the other significant
mergers in both hosts. The DM and stellar velocity dis-
tributions for these mergers are provided in Fig. S2 and
Fig. S3 of the Appendix.

5. THE TOTAL DARK MATTER DISTRIBUTION

In the previous section, we saw that the kinematics
of the DM and stars accreted from luminous satellites
are well-correlated for older mergers—specifically, the
relaxed component and debris flow. In this section, we
will describe how to combine the separate contributions
from these populations with the goal of constructing the
DM speed distribution at the solar circle. Sec. 5.1 will fo-
cus on summing the contributions from the relaxed DM
with that originating from Mergers I and II in m12i. As
we will see in Sec. 6, this methodology will have impor-
tant applications for the Milky Way, given its similarities
to m12i. Sec. 5.2 will discuss the ‘Dark/Unresolved’ DM
component.

FIRE m12f Galaxy (CDM)

Example of a Recent Merger in FIRE Galaxy

redshift 0

Both dark matter and stars form a stream 

Close, but not perfect, speed 
correspondence

Streams are spatially very narrow and have coherent velocities 

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

|z|  1.5 kpc
<latexit sha1_base64="M57dzc4QlPMnZYk5o5bvZMJqosA=">AAACAHicbVDJSgNBEO2JW4xb1IMHL41B8CBhJip6DHjxGMEskITQ06kkTXoWu2vEOBkP/ooXD4p49TO8+Td2loMmPih4vFdFVT03lEKjbX9bqYXFpeWV9GpmbX1jcyu7vVPRQaQ4lHkgA1VzmQYpfCijQAm1UAHzXAlVt3858qt3oLQI/BschND0WNcXHcEZGqmV3Rs+DGlDwi118mePDYR7jPshT1rZnJ23x6DzxJmSHJmi1Mp+NdoBjzzwkUumdd2xQ2zGTKHgEpJMI9IQMt5nXagb6jMPdDMeP5DQQ6O0aSdQpnykY/X3RMw8rQeeazo9hj09643E/7x6hJ2LZiz8MELw+WRRJ5IUAzpKg7aFAo5yYAjjSphbKe8xxTiazDImBGf25XlSKeSdk3zh+jRXPJ7GkSb75IAcEYeckyK5IiVSJpwk5Jm8kjfryXqx3q2PSWvKms7skj+wPn8AZoeWOA==</latexit>

|r � r�| < 2 kpc
<latexit sha1_base64="NTPyIgPMZn78tgjs1ICWqlsO2AU=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBQsNuFLSwCNhYRjAPyIYwO5lNhszuLDN3xbCJjY2/YmOhiK3fYOffOHkUmnjgwuGce7n3Hj8WXIPjfFuZhcWl5ZXsam5tfWNzy97eqWqZKMoqVAqp6j7RTPCIVYCDYPVYMRL6gtX83tXIr90xpbmMbqEfs2ZIOhEPOCVgpJa9P8DqBKuWJ9sS8ABf4uKDB+we0l5Mhy077xScMfA8cackj6Yot+wvry1pErIIqCBaN1wnhmZKFHAq2DDnJZrFhPZIhzUMjUjIdDMdvzHEh0Zp40AqUxHgsfp7IiWh1v3QN50hga6e9Ubif14jgeCimfIoToBFdLIoSAQGiUeZ4DZXjILoG0Ko4uZWTLtEEQomuZwJwZ19eZ5UiwX3tFC8OcuXjqdxZNEeOkBHyEXnqISuURlVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8A7bCYGA==</latexit>



satellite galaxy

Velocity features remain

Not-So-Recent Mergers

debris flow

After many orbits, the spatial coherence of tidal debris is lost

ML and Spergel, Phys. Dark Univ. (2011) 
Kuhlen, ML, and Spergel, PRD (2012) 
ML, Spergel, and Madau, ApJ (2014)



Debris Flow in FIRE Simulation

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

Dark matter and stars spatially spread out, but retain distinctive kinematics

Bimodal velocity distribution due to radial 
orbit of merging galaxy 

Dark matter and stars share similar 
velocity distributions°500 0 500
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Figure 5. Present-day velocity distributions for the debris of Merger I of m12f (top) and Merger II of m12i (bottom) that falls

within the solar circle. The radial (left), tangential (middle), and speed (right) distributions are shown for the stars (purple

solid) and dark matter (blue solid). The details of the mergers are provided in Table 1; the corresponding distributions for the

other mergers listed in the table are provided in Fig. S2 and Fig. S3 of the Appendix. As discussed in the text, Merger I of

m12f is an example of a stream, while Merger II of m12i is an example of debris flow.

debris flow. The stellar material from this satellite was
accreted at zacc ⇠ 2 and is therefore older than Merger I
of m12f. In this case, the DM and stars trace each other
closely in all velocity components. The deviations be-
tween the distributions are typically under 15% in each
bin, reaching ⇠ 30% in some bins along the tails. Addi-
tionally, the DM and stellar debris from this merger are
spatially uniform within the solar circle, as shown in the
bottom panel of Fig. 6.
The velocity distribution of the stars and DM of

m12i’s Merger II retain important features that corre-
spond to the satellite’s orbital properties, even if the
sharp coherence in speed is lost. For example, the radial
velocity distribution is extended and box–like, a feature
of satellites on radial orbits. In such cases, most of the
debris is stripped as the satellite moves towards/away
from the galactic center, resulting in two peaks of the
same radial speed, but opposite direction (±vr). If the
dispersion of these peaks is considerably larger than vr,
then they bleed into each other, forming a box-like dis-
tribution. This is expected if the turning points of the
orbit do not fall near or within the solar circle, so one is
primarily sampling material that is removed while the
satellite is on a radial trajectory.
Because the spatial variation of the DM and stars is

uniform in this case, their velocity distributions are con-

sistent across localized regions of the solar circle. The
bottom panel of Fig. 7 shows the ratio of DM to stellar
velocity distributions for this merger. In this case, the
ratio is tightly centered about unity over all the regions
sampled.
While we only discussed Merger I of m12f and

Merger II of m12i in this subsection, the conclusions
remain unchanged when studying the other significant
mergers in both hosts. The DM and stellar velocity dis-
tributions for these mergers are provided in Fig. S2 and
Fig. S3 of the Appendix.

5. THE TOTAL DARK MATTER DISTRIBUTION

In the previous section, we saw that the kinematics
of the DM and stars accreted from luminous satellites
are well-correlated for older mergers—specifically, the
relaxed component and debris flow. In this section, we
will describe how to combine the separate contributions
from these populations with the goal of constructing the
DM speed distribution at the solar circle. Sec. 5.1 will fo-
cus on summing the contributions from the relaxed DM
with that originating from Mergers I and II in m12i. As
we will see in Sec. 6, this methodology will have impor-
tant applications for the Milky Way, given its similarities
to m12i. Sec. 5.2 will discuss the ‘Dark/Unresolved’ DM
component.

|z|  1.5 kpc
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Example of a Not-so-recent Merger in FIRE Galaxy
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Oldest stars and dark matter in the Milky Way should have similar kinematics today

Oldest Mergers

FIRE m12i Galaxy (CDM)

They should also have time to equilibrate by today

redshift 0

Oldest Mergers in FIRE Galaxy
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Oldest Mergers

FIRE m12i Galaxy (CDM)

redshift 0

|z|  1.5 kpc
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Oldest stars and dark matter in the Milky Way should have similar kinematics today

They should also have time to equilibrate by today

Oldest Mergers in FIRE Galaxy
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Galactic Cannibalism & Dark Matter

Unveiling the Milky Way’s Past with Gaia



The Gaia Mission 

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

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

Launched December 2013; second data release April 2018 

Gaia Collaboration (2018)





Galactic Archaeology

Fossil Shape  
Fossil Environment 
Radioactive Dating



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

Stellar position 
Stellar velocity 

Chemical abundance

Fossil Shape  
Fossil Environment 
Radioactive Dating

Galactic Archaeology
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Only ~1% of stars in this region originate from galaxy mergers

Spatial Region of Analysis
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``Traditional” Search Strategies

Johnston et al. (1996), Helmi & White (1999), Bullock et al. (2001), Harding et al. (2001)
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merger stars merger stars

Stars from mergers have distinctive velocities and chemical abundances

Place hard cuts on these quantities to separate from disk stars



Neural Networks

https://becominghuman.ai/building-an-image-classifier-using-deep-learning-in-python-totally-from-a-beginners-perspective-be8dbaf22dd8

https://becominghuman.ai/building-an-image-classifier-using-deep-learning-in-python-totally-from-a-beginners-perspective-be8dbaf22dd8


Neural Networks

https://becominghuman.ai/building-an-image-classifier-using-deep-learning-in-python-totally-from-a-beginners-perspective-be8dbaf22dd8



Gaia Data

Sanderson et al. [1806.10564]

Ananke Mock Galaxy (Training Set)



Training the Network
Simulated Ananke Galaxy

Train network on 
stars here
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Real Milky Way Data

Study network 
output here

B. Ostdiek, L. Necib, T. Cohen, M. Freytsis, ML, et al. Astron. Astrophys. (2020)

Extensive testing performed on simulated Milky Way-like galaxies to  
characterize potential biases of the methodology 



Gaia Accreted Star Catalog

New catalog provides unprecedented look at substructure in disk plane

L. Necib, B. Ostdiek, ML, T. Cohen, et al. ApJ (2020); Nat. Astron. (2020)

Gaia stars labeled as accreted with high confidence

Recover well-studied substructures, as well as a vast new stellar stream
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Figure 5. Kinematic distributions of stars in the Gaia DR2 catalog that have measured radial velocities and fall within
Galactocentric radii r 2 [6.5, 9.5] kpc and vertical distances |z| < 3 kpc of the midplane. These stars have been identified as
accreted by the neural network developed in Ostdiek et al. (2020); the top row shows the distributions for the high-purity
sample (S > 0.95) while the bottom row shows the distributions for the canonical sample (S > 0.85). The two-dimensional
distributions are shown for the Galactocentric velocity coordinates vr, v✓, and v�. In the high-purity sample, a Gaussian mixture
study recovers a Halo component with large dispersion (pink), Gaia Enceladus (blue), and Nyx (green). These same components
are also identified in the canonical sample, which additionally includes a separate prograde stream, that we refer to as Nyx-2
(purple). Note that “Halo” refers to the remaining accreted stars in the stellar halo that are not individually resolved by the
mixture analysis.

dial velocity, see Eq. (2). The general properties of the
Enceladus distribution are largely consistent with re-
sults from a previous study using the SDSS-Gaia cross
match (Necib et al. 2019b). From the radial distribu-
tions shown in Fig. 6, we see that the peaks are lo-
cated closer together in the canonical sample than in
the high-purity sample. These di↵erences may be a re-
sult of kinematic biases that are introduced as the score
cut is increased. Additionally, as shown in Fig. S4, we
find that stars with a high probability of being associ-
ated with Enceladus clearly extend down to the Galac-
tic midplane. This corroborates the hypothesis that the
Enceladus merger contributes to the local dark matter
distribution (Necib et al. 2018; Necib et al. 2019b).
Nyx is the prograde group of stars characterized by

its significant radial velocity (Fig. 5, green line). In par-
ticular, Nyx moves in the same direction as the Galactic
disk, but its rotational velocity lags by ⇠ 90 km/s. Its

radial velocity distribution has a mean value of 134 km/s
and dispersion of ⇠ 67 km/s. In the canonical sample,
we find a corresponding structure, which we call Nyx-2,
that has an average v� of 94 km/s, compared to the Nyx
value (in the same sample) of 125 km/s, but equal and
opposite vr of �79 km/s compared to 98 km/s for Nyx.
The fraction of Nyx stars is 9% and 30% in the high-

purity and canonical samples, respectively. Nyx-2 cor-
responds to 22% of the canonical sample. Enceladus
is the dominant structure in both samples, comprising
77% (42%) of the high-purity (canonical) set. The rel-
ative fraction of Enceladus is reduced in the canonical
sample primarily because of the presence of Nyx-2.
A complete discussion of the properties of Nyx and

Nyx-2, and their potential origin, is presented in Necib
et al. (2019a). Briefly summarizing what is detailed
there, Nyx is a coherent stellar stream on an eccen-
tric orbit (e ⇠ 0.6) whose distribution is highly unlikely

oldest 
mergers

not-so-recent 
merger
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Single merger dragged in the majority of the local accreted stars

Video Credit: H. H. Koppelman, A. Villalobos, A. Helmi
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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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down to 25% at |z| > 4 kpc. The halo contribution
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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-
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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
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�6.4 km/s with �r = 113.6+3.1
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�2.9 km/s and �� = 61.9+2.6
�2.9 km/s. The

correlations ⇢r✓ and ⇢✓� are consistent with zero, while
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�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

Dark matter would also be accreted from Enceladus merger

Based on time of accretion, this dark matter likely in debris flow, 
and so its velocities should track that of Enceladus stars



Gaia Accreted Star Catalog

L. Necib, B. Ostdiek, ML, T. Cohen, et al. ApJ (2020); Nat. Astron. (2020)

Gaia stars labeled as accreted with high confidence
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Figure 5. Kinematic distributions of stars in the Gaia DR2 catalog that have measured radial velocities and fall within
Galactocentric radii r 2 [6.5, 9.5] kpc and vertical distances |z| < 3 kpc of the midplane. These stars have been identified as
accreted by the neural network developed in Ostdiek et al. (2020); the top row shows the distributions for the high-purity
sample (S > 0.95) while the bottom row shows the distributions for the canonical sample (S > 0.85). The two-dimensional
distributions are shown for the Galactocentric velocity coordinates vr, v✓, and v�. In the high-purity sample, a Gaussian mixture
study recovers a Halo component with large dispersion (pink), Gaia Enceladus (blue), and Nyx (green). These same components
are also identified in the canonical sample, which additionally includes a separate prograde stream, that we refer to as Nyx-2
(purple). Note that “Halo” refers to the remaining accreted stars in the stellar halo that are not individually resolved by the
mixture analysis.

dial velocity, see Eq. (2). The general properties of the
Enceladus distribution are largely consistent with re-
sults from a previous study using the SDSS-Gaia cross
match (Necib et al. 2019b). From the radial distribu-
tions shown in Fig. 6, we see that the peaks are lo-
cated closer together in the canonical sample than in
the high-purity sample. These di↵erences may be a re-
sult of kinematic biases that are introduced as the score
cut is increased. Additionally, as shown in Fig. S4, we
find that stars with a high probability of being associ-
ated with Enceladus clearly extend down to the Galac-
tic midplane. This corroborates the hypothesis that the
Enceladus merger contributes to the local dark matter
distribution (Necib et al. 2018; Necib et al. 2019b).
Nyx is the prograde group of stars characterized by

its significant radial velocity (Fig. 5, green line). In par-
ticular, Nyx moves in the same direction as the Galactic
disk, but its rotational velocity lags by ⇠ 90 km/s. Its

radial velocity distribution has a mean value of 134 km/s
and dispersion of ⇠ 67 km/s. In the canonical sample,
we find a corresponding structure, which we call Nyx-2,
that has an average v� of 94 km/s, compared to the Nyx
value (in the same sample) of 125 km/s, but equal and
opposite vr of �79 km/s compared to 98 km/s for Nyx.
The fraction of Nyx stars is 9% and 30% in the high-

purity and canonical samples, respectively. Nyx-2 cor-
responds to 22% of the canonical sample. Enceladus
is the dominant structure in both samples, comprising
77% (42%) of the high-purity (canonical) set. The rel-
ative fraction of Enceladus is reduced in the canonical
sample primarily because of the presence of Nyx-2.
A complete discussion of the properties of Nyx and

Nyx-2, and their potential origin, is presented in Necib
et al. (2019a). Briefly summarizing what is detailed
there, Nyx is a coherent stellar stream on an eccen-
tric orbit (e ⇠ 0.6) whose distribution is highly unlikely

recent 
merger?

oldest 
mergers

not-so-recent 
merger



The Nyx Stream

~200 stars with coherent velocities passing near the Sun

Nyx stars rotate more slowly than disk stars and are on more eccentric orbits

L. Necib, B. Ostdiek, ML, T. Cohen, et al. ApJ (2020); Nat. Astron. (2020)
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three-dimensional velocities of all stars with a neural network score 
S > 0.95. This sample consists of the stars that the network is most 
confident are accreted; focusing on this subset reduces the potential 
for disk contamination, although at the expense of possibly biasing 
the kinematic distributions14. A complete description of the mixture 
analysis, as well as other structures identified in the catalogue, is pro-
vided in Necib et al.22, hereafter Paper I. Here we present evidence 
for a new stream discovered in this ROI, which comprises nearly 
9% of the stars in the sample with S > 0.95. We call this stream ‘Nyx’, 
after the Greek goddess of the night. We have verified that Nyx does 
not match any previously catalogued stream in refs. 3,23–26.

The left panel of Fig. 1 shows the Nyx stars in the galactocen-
tric spherical vr−vϕ plane. The dashed grey lines denote the 1σ, 2σ 
and 3σ contours enclosing the stars with scores S < 0.75. This subset 
is dominated by the in situ stars, but also has contributions from 
accreted stars that are more difficult for the network to classify. From 
Fig. 1, we see that the distribution is concentrated at vϕ ≈ 220 km s−1 
and vr ≈ 0 km s−1. The 2σ and 3σ contours drop down to vϕ ≈ 0 km s−1 
and non-zero vr. This effect is probably due to the presence of stars 
that belong to accreted structures with highly radial velocities that 
the network does not score as highly. Nyx stars lie at the tail of the 
thick-disk distribution, but extend much farther out into the kine-
matic region associated with the stellar halo.

The Nyx velocities are shown as arrows on a spatial projection of 
their locations in Fig. 1 (middle and right panels). In the following, 
we quote results in galactocentric spherical coordinates. This choice 
is made to be consistent with the modelling of Gaia Enceladus in ref. 
27. As this analysis is performed close to the disk plane, cylindrical 
and spherical coordinates are similar (vR ≈ vr and vz ≈ vθ). For Nyx, 
the means of the best-fit multivariate normal velocity distribution 
are fvr; vϕ; vθg ¼ 134:0þ3:1

#3:7; 130:0
þ2:4
#2:3; 53:0

þ3:5
#3:6

! "
km s#1

I
, with 

dispersions fσr; σϕ; σθg ¼ 67:2þ2:4
#2:5; 45:8

þ1:8
#1:7; 66:3

þ3:3
#3:0

! "
km s#1

I
. 

Nyx has a significant non-zero radial velocity that causes its stars 
to move at an angle in the x–y plane. It is clearly prograde, mov-
ing with the Galactic Disk, but lagging in velocity by ~90 km s−1. 
The 232 most likely stars to belong to Nyx are coherent in veloc-
ity, with total average speed 250 km s−1 and dispersion of 48 km s−1. 
For reference, we provide a Toomre diagram of the Nyx stars in 
Supplementary Fig. 1. They are predominantly clustered within 
±1 kpc of the midplane, passing through the Solar neighbourhood, 

but they also extend up to ±2 kpc. Nyx stars can be found through 
roughly the full radial range studied. From Fig. 1, it appears that 
we are missing stars at x ≈ −9, y < 0 kpc and x ≈ −7, y > 0 kpc. We 
find that Nyx extends further in this direction when the neural net-
work score cut is lowered to S > 0.85 (Supplementary Figs. 2 and 
3). Lowering the cut to S > 0.85 does not entirely fill in this region, 
however. It is likely that we are not capturing the entirety of the Nyx 
stream for a few reasons: the Gaia selection function, the network 
mislabelling Nyx stars with low scores, and the use of a Gaussian 
clustering algorithm to identify stars belonging to (what is likely an) 
inherently non-Gaussian structure. In addition, stars in this region 
have velocities pointing predominantly along the line of sight, a 
direction our machine learning algorithm is insensitive to having 
been trained only on parallax, positions and proper motions14.

Few Nyx stars have accompanying spectroscopic measure-
ments (Supplementary Fig. 4). Cross-matching with RAVE-on28 
and applying a cut that the signal-to-noise ratio is ≥20, we find 26 
stars that have measured [Fe/H] abundances, 7 of which also have 
[Mg/Fe] measurements. As shown in Fig. 2, the average value of 
[Fe/H] ([Mg/Fe]) is !0:48þ0:02

!0:03
I

 (0:09þ0:06
"0:07

I
), with respective disper-

sion of 0:18þ0:02
"0:03

I
 (0:11þ0:04

"0:05
I

). The errors quoted here are obtained 
by generating 100 iterations of abundances of each star, sampling 
over the errors in each measurement, then calculating the means 
and dispersions. (The same figure using RAVE and GALAH data 
instead of RAVE-on is shown as Supplementary Fig. 5.) For context, 
the average RAVE-on measurement uncertainty on [Fe/H] ([Mg/
Fe]) is 0.08 (0.11). For the small subset for which we have data, Nyx 
stars have abundances that are comparable to both the thick disk 
(Fig. 2) and dwarf galaxies29–31. However, the small dispersion in the 
chemical abundances for Nyx does suggest a single progenitor ori-
gin, especially given the coherence in velocity space. Given the small 
subset of Nyx stars with abundances, and the large measurement 
uncertainties from RAVE-on, further spectroscopic follow-ups (for 
example, from APOGEE-2, 4MOST and WEAVE) are needed to 
validate these conclusions.

In Fig. 3, we show the Nyx stars in a Hertzsprung–Russell 
diagram of the difference of the Gaia magnitudes in the BP 
and RP passbands (GBP − GRP), and the absolute magnitude 
Gþ 5 log ðϖÞ þ 5
I

. We corrected for the estimate of the reddening 
E(BP − RP) from Apsis-Priam (e_bp_min_rp_val) and extinction 
AG using the associated Gaia values from ref. 32. Due to possible 
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a rotation speed that lags by ~90!km!s−1 and a substantial radial velocity. Here we only show Nyx stars with the highest network scores (S!>!0.95). As 
argued in the text, more stars are associated with the stream, but have lower network scores and so are not included here. Supplementary Fig. 2 shows the 
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Origin of the Nyx Stream

Nyx stars are relatively metal-rich with ages ~6-10 Gyr

Kinematics of Nyx suggest it is the 
remnant of a galaxy merger 

Further spectroscopic studies needed to 
confirm that Nyx is distinct from the disk

L. Necib, B. Ostdiek, ML, T. Cohen, et al. Nat. Astron. (2020)
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contamination from the backgrounds, we choose stars with phot_
bp_rp_excess_factor < 1.3 + 0.06(GBP – GRP)2, and only select low- 
extinction stars with E(B − V) < 0.015 (ref. 33). Only 17 Nyx stars 
pass these photometric cuts. For reference, we overlay three iso-
chrones with metallicities [Fe/H] = −0.5 and −1, and stellar ages 1, 
6 and 10 Gyr from the MIST project34,35. The few Nyx stars that pass 
these photometric cuts are consistent with the older isochrones. 
This strengthens the case that Nyx originated from a disrupted sat-
ellite galaxy, because disk stars span a larger range of metallicities 
and ages and tend to be younger (see, for example, ref. 36).

We now turn to estimating the orbital parameters of Nyx stars. 
To do so, we use the gala package37 and assume the Milky Way 
potential of ref. 38. Running the orbits of the stars backwards in time 
by 1 Gyr, we find that the mean eccentricity is 0.61 (dispersion of 
0.13), the mean pericentre is 3.2 kpc, the mean apocentre is 14 kpc 
and the mean zmax is 1.9 kpc (Supplementary Figs. 6 and 7). These 
orbital properties are distinct from what is expected for the thin 
disk, which has eccentricities close to circular. The orbits are also 
more eccentric than expected of the thick disk, which has eccen-
tricities peaked at e ≈ 0.3 and concentrated below e ≈ 0.5 (ref. 39). In 
Supplementary Fig. 7, we show the orbits traced by the Nyx stars 
integrated back by 1 Gyr; the prograde and highly eccentric motion 
of the Nyx stars is evident. Coupling this observation with the fact 
that Nyx lags behind the disk by ~90 km s−1 and has a substantial 
radial velocity component makes a strong case that it is the result of 
a satellite merger.

Stellar ‘moving groups’ can arise from resonances in stellar orbits 
that are perturbed by the Galactic bar40,41 or density waves caused 
by the spiral arms42,43. However, simulations of bar and spiral arm 
perturbations typically result in coherent velocity structures that lag 
the Galactic Disk by only ~20–50 km s−1 (ref. 23). It is in principle 
conceivable that a stronger perturbation to the disk could have been 
indirectly induced by the passage of a satellite galaxy through the 
disk, without necessarily leaving many stars behind: the dynamical 
‘kick’ caused by such a passage can result in density waves moving 
in the same direction as the Sun at velocities comparable to what we 
find for Nyx44,45. However, such perturbations generically result in 
a specific shape (‘arches’) in the cylindrical vR–vϕ plane. This effect 
has been observed in Gaia DR246, and does not resemble the kine-
matics of Nyx. Indeed, as will be discussed later, there are hints for 
additional members of the Nyx stream that may fall along constant 
eccentricity surfaces47, as expected for a satellite merger, rather than 
constant energy surfaces, as expected for a disk perturbation45.

Taking this evidence together, we argue that Nyx is a remnant 
of a dwarf galaxy. Its characteristics are largely consistent with pre-
vious studies of accreted stellar disks6,8,9,12. Namely, it is corotating 
with a lag speed that falls in the range motivated by simulations. In 
addition, its mean metallicity of [Fe/H] ≈ −0.5 is consistent with a 
galaxy of stellar mass in the range [4.5 × 109, 2.7 × 1010] M⊙, as esti-
mated using the mass–metallicity relation of ref. 48. Note that we 
account for both the theory and RAVE-on measurement uncertain-
ties in this estimate. The range quoted is bracketed by the 16th and 
84th percentiles. The lower end of this range is compatible with the 
mass scale of the satellites studied in refs. 6,8,9,12 that led to viable 
accreted stellar and dark disks. In general, disk dragging of satellites 
is most efficient for such massive systems. However, we do caution 
that this is a simple estimate, and does not account for the poten-
tial metallicity gradients that would be expected as various layers 
of stars are tidally stripped from the satellite progenitor. Dedicated 
simulations of different merging scenarios will establish the feasibil-
ity of Nyx, either as an accreted satellite or a thick-disk perturbation.

To demonstrate that such metal-rich prograde streams can exist 
in galaxies like our own—and that our analysis procedure correctly 
identifies them if they do—we repeat our study on the mock cata-
logue of the FIRE simulation m12f galaxy, focusing on the region 
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Fig. 2 | Chemical abundances of the Nyx stars. Top: RAVE-on abundances 
for the seven Nyx stars with both [Mg/Fe] and [Fe/H] measurements. The 
black cross shows the average measurement uncertainty. The chemical 
abundances of this small subset of Nyx stars suggest that it is relatively 
metal rich and has [Mg/Fe]!≲!0.3 (indicated by the grey dashed line).  
The green and red triangles are stars associated with the halo and the  
thick disk, respectively, from ref. 29. Bottom: normalized histogram of the  
26 Nyx stars with RAVE-on metallicities; f is the probability distribution  
function. Overlaid are the distributions of the Milky Way halo and 
thick-disk stars from ref. 29; we caution that these stars are classified  
using a kinematic cut that would attribute Nyx to the thick disk. The  
Nyx distributions are consistent with both a dwarf galaxy and thick-disk 
origin. The tight clustering in chemical abundance space, if validated  
with further spectroscopic observations, would suggest a single  
progenitor origin.
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Fig. 3 | Colour–magnitude diagram of the Nyx stars. As a reference, 
we show isochrones from refs. 34,35, with [Fe/H]!=!−0.5, [Fe/H]!=!−1 
and ages 1, 6 and 10!Gyr. The x axis corresponds to the Gaia colours 
GBP!−!GRP, dereddened by E(BP!−!RP). The y axis is the absolute magnitude 
in the G band, corrected by the extinction AG (ref. 32). We only show 
the 17 Nyx stars that pass the photometric cuts: phot_bp_rp_excess_
factor!<!1.3!+!0.06(GBP!–!GRP)2 and E(B!−!V)!<!0.015 (ref. 33).
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Dark Matter Disk

Image Credit: J. Read and O. Agertz

Read et al. (2008, 2009); Purcell et al. (2009); Ling et al. (2010); Pillepich et al. (2014)

Co-rotating dark matter disks predicted to be a natural 
consequence of prograde mergers

If Nyx originated from a disrupted galaxy, it may have 
significant implications for dark matter distribution

dark matter disk

stellar disk
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Dark Matter from Merger Stars from Merger

preliminarypreliminary

Dedicated simulation studies underway to determine  
expected dark matter distribution from Nyx-like merger

work in progress with B. Dodge, O. Slone, L. Necib, B. Ostdiek, T. Cohen
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Follow-Up Studies of Nyx

Spectroscopic studies of Nyx stream underway

M. Truong, A. Ji,  L. Necib, et al. (in progress)

Analyze larger fraction of Gaia data to find more candidate stream members

Dropulic, Ostdiek, Chang, Liu, Cohen, and ML [2103.14039]



Machine Learning Radial Velocities

Currently, less than 1% of Gaia stars have complete phase-space information

Can a machine accurately fill in phase space for remaining stars? 
10 Dropulic et al.
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Figure A1. Diagram of the network used in this work. [AD: network labels]

and predicted uncertainty value. The KDE of the predicted distribution, q in (A1), aligns more accurately with that
of the truth, p in (A1), when the uncertainty value assigned to each star is included in the predicted KDE (which
aligns with the “Error convolved” in Fig. 1). For example, these test statistics were calculated for the vr histograms
which contain all stars. The KL divergence when �pred

r is included in this analysis is 0.009, compared to 0.016 when
�
pred
r is not included. In Fig. A4, it can be seen that as cuts on �pred

r are made, the KL divergence between the truth
and error convolved distributions decreases to 0.0. This is one way to highlight that �pred

r is a crucial component
accurately predict the radial velocity distribution.

The predicted velocities can also of course be evaluated on a star-to-star basis. The form of the loss function (1) is
similar to that of �2 (A3), and so suggests that the �pred

r predicted by the network is a �2-like �. The value of �2

for the test set is 0.68 and remains stable if cuts on �pred
r are made, as shown in Figure A4. The value of R2, which

normally ranges from 0 to 1, has a value of 0.72. As cuts on �pred
r are made, as seen in A4, the value of R2 approaches

1, again highlighting the usefulness of the network’s �pred
los prediction, transformed to Galactocentric coordinates.

B. TRANSFORMING VELOCITIES AND UNCERTAINTIES

[HL: check that notation is standardized] In this appendix, we derive the a�ne transformation that maps proper
motions and line-of-sight velocity to Galactocentric velocities. As a corollary, we also obtain the transformation
mapping velocity uncertainties between these respective coordinate systems.

Consider a star with Cartesian equatorial coordinate velocities, given by [vlos, d↵̇ cos �, d�̇]|, where ↵ and � are RA and
declination respectively, vlos is the line-of-sight velocity and d is the distance of the star from the Sun. Following Bovy
(2011), Cartesian equatorial coordinate velocities can be transformed into Cartesian Galactic coordinates velocities
via
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where  ' 78.3433� is the Galactic parallactic angle.

Next, we want to convert velocities in Cartesian Galactic coordinates into Cartesian Galactocentric coordinate
velocities. To do this, we begin by writing down the relation between Cartesian coordinates in each coordinate system.
Consider a star with Cartesian Galactocentric coordinates ~rGC; its coordinates ~rg in Cartesian Galactic coordinates is
given by

~rg = M�1
�

⇣
~rGC � ~R�,GC

⌘
, (A5)

Network Inputs 

5D astrometric  
coordinates

Network Outputs

line-of-sight velocity

uncertainty on 
line-of-sight velocity 

prediction

Dropulic, Ostdiek, Chang, Liu, Cohen, and ML [2103.14039]
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Figure 2. The background histogram shows the network-predicted kinematic distributions of stars in the test set, convolved with
the network’s uncertainty prediction. The two-dimensional distributions are shown for the Galactocentric velocity components
vr, v✓, v�. The top row shows the distributions for the stars with high metallicity ([Fe/H] > �1.3), and the bottom row shows the
distributions for the stars with low metallicity ([Fe/H] < �1.3) where the stellar halo is more prominent. The contours indicate
the location of 30%, 60%, and 90% containment intervals for the true (solid blue), predicted (dotted white) and error-sampled
(dashed yellow) distributions. We emphasize that the network does not have access to these metallicity categories. These results
clearly demonstrate that the correlations between metallicity and the prediction for vr are being captured by the network. [HL:
We can bump the figures down a bit, so that they are more in line with the text, after we delete all the comments.]

dicted distribution is an excellent approximation of the
true distribution.

In the bottom row of Fig. 1, the predicted uncertainty
on the Galactocentric velocities is shown as a function
of the predicted Galactocentric velocity for all stars in
the test set, as well as the subset of stars that com-
prise the substructure. For each velocity bin, the box
denotes the 50% containment about the median uncer-
tainty, while the whiskers denote the 5% and 95% con-
tainment. The predicted uncertainty for a given star
is correlated with its spatial location and proper mo-
tion, as shown in Fig. A2. In general, we find that the
velocity uncertainties for all stars (shown in pink) are
lowest for values of vr, v✓, v� where there is a compar-
atively small contribution of substructure stars (shown
in green). This also happens to be where the velocity
uncertainties on the substructure stars are largest, as
expected given that the network is forced to distinguish
them from the significant number of disk stars. Indeed,

we see that that the network erroneously predicts a small
tail of substructure stars near vpred� ⇠ 200 km/s, where
the disk contribution is significant.

As demonstrated in Fig. 1 (first panel, bottom row),
the spread in the predicted velocity uncertainties in the
Galactocentric frame can be substantial. Depending on
the application, one may wish to restrict to a subset
of the data with predicted uncertainties in a particular
range. We find that 25% (13%) of the 10-million star
test set has �pred

r . 10 (5) km/s, while 13% (6%) of the
⇠ 35, 000 substructure stars in the test set have �pred

r .
10 (5) km/s. We have verified that restricting the sample
of stars to those with the lowest predicted uncertainties
does not bias the kinematic distributions (see Figs. A4
and A5).

Next, we explore the extent to which the network cap-
tures the correlations among the velocity components.
Figure 2 shows a comparison of the 2D velocity distribu-
tions. The top panels show the subset of high metallicity

Network is trained on subset of mock catalog with complete 6D information, 
then applied to remainder of mock catalog

Tests on Mock Gaia Data

Dropulic, Ostdiek, Chang, Liu, Cohen, and ML [2103.14039]
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Figure 5. Kinematic distributions of stars in the Gaia DR2 catalog that have measured radial velocities and fall within
Galactocentric radii r 2 [6.5, 9.5] kpc and vertical distances |z| < 3 kpc of the midplane. These stars have been identified as
accreted by the neural network developed in Ostdiek et al. (2020); the top row shows the distributions for the high-purity
sample (S > 0.95) while the bottom row shows the distributions for the canonical sample (S > 0.85). The two-dimensional
distributions are shown for the Galactocentric velocity coordinates vr, v✓, and v�. In the high-purity sample, a Gaussian mixture
study recovers a Halo component with large dispersion (pink), Gaia Enceladus (blue), and Nyx (green). These same components
are also identified in the canonical sample, which additionally includes a separate prograde stream, that we refer to as Nyx-2
(purple). Note that “Halo” refers to the remaining accreted stars in the stellar halo that are not individually resolved by the
mixture analysis.

dial velocity, see Eq. (2). The general properties of the
Enceladus distribution are largely consistent with re-
sults from a previous study using the SDSS-Gaia cross
match (Necib et al. 2019b). From the radial distribu-
tions shown in Fig. 6, we see that the peaks are lo-
cated closer together in the canonical sample than in
the high-purity sample. These di↵erences may be a re-
sult of kinematic biases that are introduced as the score
cut is increased. Additionally, as shown in Fig. S4, we
find that stars with a high probability of being associ-
ated with Enceladus clearly extend down to the Galac-
tic midplane. This corroborates the hypothesis that the
Enceladus merger contributes to the local dark matter
distribution (Necib et al. 2018; Necib et al. 2019b).
Nyx is the prograde group of stars characterized by

its significant radial velocity (Fig. 5, green line). In par-
ticular, Nyx moves in the same direction as the Galactic
disk, but its rotational velocity lags by ⇠ 90 km/s. Its

radial velocity distribution has a mean value of 134 km/s
and dispersion of ⇠ 67 km/s. In the canonical sample,
we find a corresponding structure, which we call Nyx-2,
that has an average v� of 94 km/s, compared to the Nyx
value (in the same sample) of 125 km/s, but equal and
opposite vr of �79 km/s compared to 98 km/s for Nyx.
The fraction of Nyx stars is 9% and 30% in the high-

purity and canonical samples, respectively. Nyx-2 cor-
responds to 22% of the canonical sample. Enceladus
is the dominant structure in both samples, comprising
77% (42%) of the high-purity (canonical) set. The rel-
ative fraction of Enceladus is reduced in the canonical
sample primarily because of the presence of Nyx-2.
A complete discussion of the properties of Nyx and

Nyx-2, and their potential origin, is presented in Necib
et al. (2019a). Briefly summarizing what is detailed
there, Nyx is a coherent stellar stream on an eccen-
tric orbit (e ⇠ 0.6) whose distribution is highly unlikely
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