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..and resolved stellar 
maps of the ~100 nearest 

MW-like galaxies



M31$

N185$ N147$

M33$

30$kpc$ 90$kpc$ 150$kpc$60$kpc$

N$

E$

M31$dSphs$

Giant$Southern$
Stream$

M31$Halo$Fields$

PAndAS$M31$Map$
(McConnachie$et$al.)$

Dwarf$Galaxy$Fields$

image courtesy Karoline Gilbert

150 kpc 
(SEGUE K giants, Xue+2014; 
PanSTARRS RR Lyr, Sesar+2017)

35 kpc 
(MSTO stars,  
Sesar+2011)

85 kpc 
(F stars,  

Pila-Diéz+2015)

300 kpc 
(Rvir?)

The Milky Way 
(and M31) 

in 2018

274 kpc 
(Most distant M giant, 
Bochanski, Willman, 
Caldwell, RES+2014)



Fi
gu

re
 c

ou
rte

sy
 A

nd
re

w
 W

et
ze

l 
La

tte
 S

im
ul

at
io

n:
 a

rX
iv

:1
60

2.
05

95
7300 kpc (=Rvir?) 

150 kpc 
(extent of current 

samples)

LSST  
coadded depth  

(m=26.7)
MSTO stars

BHB stars

M giants,  
RRLe

5 
M

pc

The Milky Way in 
2028



Wetzel+20164MOST; De Jong 2011

15The Messenger 145 – September 2011

the Echidna design as developed by the 
 Australian Astronomical Observatory 
(AAO) for FMOS (Akiyama et al., 2008) 
and another one based on the positioner 
design of the Guoshoujing (formerly 
LAMOST) Telescope (Hu et al., 2004). 

Efficient full-sky surveying requires at 
least 1500 targets to be observed simul-
taneously, but our goal is to provide a 
multiplex of > 3000 to create a unique, 
world-class facility. Most fibres will lead 
to spectrographs with spectral resolution 

of R ~ 5000 covering the full optical 
wavelength range, but about 10% of the 
fibres will permanently go to a spectro-
graph with resolution of R > 20 000. The 
facility will be complemented with a  
full array of software to enable target se -
lection, scheduling, data reduction  
and  analysis, and an archive. During the 
 conceptual design phase we will perform 
a number of trade-off studies to find the 
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Figure 1. Left: The 4MOST goal for radial velocity 
accuracy compared to the Gaia end of mission 
accuracy as function of stellar apparent magnitude. 
Our aim is to match the spectroscopic magnitude 
limits of 4MOST to the astrometric limits of Gaia, 

thereby enabling 6D-phase space studies to Gaia’s 
limits. Right. Limiting distances for radial velocity 
measurements with Gaia (maroon diagonal) and 
4MOST (black horizontal) overlaid on a Hertzsprung–
Russell diagram. 4MOST can measure Sun-like stars 

to nearly the centre of the Milky Way, RGB stars to 
100 kpc, and massive stars throughout the Local 
Group, substantially expanding on Gaia’s spectro-
scopic view. Distance limits for the 4MOST high res-
olution spectroscopy are about four times smaller. 
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Figure 2. Spatial and radial velocity substructure dis-
tribution of RGB stars on the sky for a stellar halo 
formed in the Aquarius project cosmological simula-
tions (Cooper et al., 2010; Helmi et al., 2011). The 
projection corresponds to stars located in the inner 

halo in four distance bins (left) and in one direction 
on the sky (right) and clearly demonstrates the large 
amount of substructure that becomes apparent, 
consequent on the opening of a new phase-space 
dimension (in this case, line-of-sight velocity).

The Milky Way in 2028: spectroscopy



but…what do we DO with all this data?

Wetzel et al. 2016, movie credit: Phil Hopkins



but…what do we DO with all this data?

Wetzel et al. 2016, movie credit: Phil Hopkins



but…what do we DO with all this data?

Babusiaux et al 2018

Gaia Collaboration

Wetzel et al. 2016, movie credit: Phil Hopkins
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Galaxy Simulation 
(cosmology, DM model, 
gravity, gas physics, star 
formation, stellar feedback, …)

Survey description  
(Magnitude/color limits, 
extinction/reddening, 
selection function, error 
model, instrument model, …)

Mock Catalog 
one particle = 


one synthetic star

Synthetic Survey 
one particle = one “observed” star

Phase-space density estimation  
(kernel dimension, smoothing scales, 
ages, accretion history, …)

Stellar Populations 
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• Mapping the DM halo of the Galaxy in the Gaia era & beyond


• Statistical effects of small-scale DM structure


• Interpreting chemodynamic structure in the solar neighborhood


• Resolving the stellar halos of nearby galaxies
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Constraints on the MW’s shape with one stream  
are degenerate with the assumed functional form

Sagittarius Stream in 
triaxial dark matter halo: 
Vera-Ciro & Helmi 2013; 
Law & Majewski 2010
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The accreted stellar halo is clumpy in constants-of-motion space
Galactic coordinates

Sanderson, Helmi, & Hogg 2015
Sanderson et al. 2017a 

One particle = many stars



The accreted stellar halo is clumpy in constants-of-motion space
Galactic coordinates

Sanderson, Helmi, & Hogg 2015
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Best fit  
mass profile

The stellar halo constrains the MW's gravitational potential
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A route to untangling the stellar halo

Sanderson et al. 2017c
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Cold tidal streams can be disrupted by dark substructure

Degree of disruption  
depends on  
mass,  
impact parameter, 
velocity 

of perturber

S / GMsub

v2relb
for 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 ΛCDM 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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In Aquarius A, subhalos interact with streams frequently

Sanderson et al. 2016



Garrison-Kimmel, .., Sanderson, et al. 2017 

Not so lumpy after all 7

Figure 2. Top: Cumulative counts of subhalos above a given maximum circular velocity, Vmax, within 100 kpc of the two hosts, m12i
(left) and m12f (right) – Appendix A presents the counts within 50 kpc and 300 kpc. For reference, the upper-most, light colored dashed
lines (labeled “Raw DMO”) indicate the results of the DMO simulations without applying the correction for the baryon fraction (that
is, without multiplying by

p

1� fb). Henceforth we apply this correction for all comparisons. Lower panels plot the ratio between the
cumulative counts of subhalos in the DMO or embedded disk runs to the FIRE baryonic simulations. For both systems, the DMO
simulation overpredicts the number of subhalos as compared with the baryonic simulation by at least 2⇥ at all Vmax: the average ratios
plotted in the lower panels are 2.2 and 3.9 in m12i and m12f, respectively. Adding only the galactic disk potential brings the substructure
counts to within ⇠ 20% agreement at all Vmax (average ratios of 1.2 and 1.06). Bottom: Cumulative counts of subhalos within a given
radius. We include subhalos down to Vmax = 5km s�1 (bound mass M ' 5⇥ 106 M�), which are well-resolved. While the total excess of
subhalos within 300 kpc ⇡ Rvir is ⇡ 50% in the DMO simulations, this excess rises to ⇡ 3⇥ within 50 kpc. Moreover, the disk completely

destroys all subhalos within 17–20 kpc by z = 0, where searches for dark substructure through stream heating are most sensitive: the
light grey and gold bands show the extent of the galactocentric orbits of Palomar-5 (Carlberg et al. 2012) and GD-1 (Koposov et al.
2010), respectively, the best-studied streams around the MW. The embedded disk simulations model this reduction/destruction to within
a factor of 2 at all radii.
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Figure 2. Top: Cumulative counts of subhalos above a given maximum circular velocity, Vmax, within 100 kpc of the two hosts, m12i
(left) and m12f (right) – Appendix A presents the counts within 50 kpc and 300 kpc. For reference, the upper-most, light colored dashed
lines (labeled “Raw DMO”) indicate the results of the DMO simulations without applying the correction for the baryon fraction (that
is, without multiplying by

p

1� fb). Henceforth we apply this correction for all comparisons. Lower panels plot the ratio between the
cumulative counts of subhalos in the DMO or embedded disk runs to the FIRE baryonic simulations. For both systems, the DMO
simulation overpredicts the number of subhalos as compared with the baryonic simulation by at least 2⇥ at all Vmax: the average ratios
plotted in the lower panels are 2.2 and 3.9 in m12i and m12f, respectively. Adding only the galactic disk potential brings the substructure
counts to within ⇠ 20% agreement at all Vmax (average ratios of 1.2 and 1.06). Bottom: Cumulative counts of subhalos within a given
radius. We include subhalos down to Vmax = 5km s�1 (bound mass M ' 5⇥ 106 M�), which are well-resolved. While the total excess of
subhalos within 300 kpc ⇡ Rvir is ⇡ 50% in the DMO simulations, this excess rises to ⇡ 3⇥ within 50 kpc. Moreover, the disk completely

destroys all subhalos within 17–20 kpc by z = 0, where searches for dark substructure through stream heating are most sensitive: the
light grey and gold bands show the extent of the galactocentric orbits of Palomar-5 (Carlberg et al. 2012) and GD-1 (Koposov et al.
2010), respectively, the best-studied streams around the MW. The embedded disk simulations model this reduction/destruction to within
a factor of 2 at all radii.
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• Mapping the DM halo of the Galaxy in the Gaia era & beyond


• Statistical effects of small-scale DM structure


• Interpreting chemodynamic structure in the solar neighborhood


• Resolving the stellar halos of nearby galaxies

Making predictions for a 6+D galaxy
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Gaia DR1 + RAVE already had complete 6+D information for >200k stars
Distances to RAVE-TGAS stars 17
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Figure 22. The location of stars with small fractional age uncertainties in the HR diagram (with colour and absolute magnitude on the two axes in this case).
Both the (J � Ks) colour and the absolute magnitude in the J band, MJ , have been corrected for extinction using the most likely log AV value found by the
distance pipeline. The left figure shows those with age uncertainties less than 20 percent, the central figure those with age uncertainties less than 30 percent,
and the right figure shows all stars (for comparison). The number density indicated by the colour bar corresponds to the numbers of stars in a pixel of height
0.1 magnitudes in MJ and width 0.01 magnitudes in (J � Ks)0. Unsurprisingly, the smallest fractional age uncertainties are for stars near the main-sequence
turno↵.

Table 3. Data flags specific to this study. In all cases 1 indicates a potential problem with the distance estimate.

Name Explanation

flag low logg log g < 2.0 (see section 4.1)
flag outlier TGAS & RAVE-only parallaxes di↵er by more than 4� – RAVE not used for final distances (see section 4.2)
flag N Spectrum flagged as not normal by Matijevič et al. (2012)
flag pole Source lies in the problematic region near the ecliptic pole (165� < � < 195�, � < �30�, see section 6).
flag dup A spectrum of the same star with a higher SNR is in RAVE
flag any True if any of the above are true, otherwise false

Figure 23. Output from the ‘reverse pipeline’, which finds the Te↵ and
log g values of the stars using the Bayesian method described in this paper.
Pixels are coloured by median metallicity, and overlaid contours show the
density (with a logarithmic scaling in density between contours).
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distance pipeline. The left figure shows those with age uncertainties less than 20 percent, the central figure those with age uncertainties less than 30 percent,
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Figure 16. The top panel shows the variation over the HR diagram of the
ratio of the actually quoted uncertainty on the parallax when combining
TGAS and RAVE data and the expected parallax uncertainty (Eq.28) as-
suming Gaussian uncertainties. In the region between the dwarf and giant
branches and in the red clump the improvement on naive expectations is
particularly clear. The lower panels provide an explanation: they show the
number of Gaussian components required to represent the pdf in distance
modulus (Eq. 4) without TGAS parallaxes (left) and with them (right). The
regions where the improvement over expectation is greatest are those where
the required number of components has decreased – for example the paral-
lax allows us to determine with great confidence whether a star is a giant or
a dwarf.
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Figure 17. Average fractional distance uncertainties across the HR diagram
when we ignore TGAS (left) and when we use the TGAS parallax informa-
tion (right). The improvement is particularly dramatic for cooler dwarfs and
stars with Te↵ ⇠ 6000K, log g ⇠ 2.5. For low log g giants, the inclusion of
TGAS parallaxes has little e↵ect.

⇠45 percent of cases, whereas with TGAS we only need it in ⇠23
percent of cases.

In Figure 17 we show how the fractional distance uncertainty
varies over the HR diagram, both with and without TGAS paral-
laxes. It is clear that the main improvement is for dwarfs, and for
stars in the regions of the HR diagram where parallax informa-
tion can break uncertainties regarding whether a star is a giant or a
dwarf.

When we include TGAS parallaxes, the median fractional dis-
tance uncertainty (excluding stars with log g < 2.0) falls to 15 per-
cent, from 31 percent using spectrophotometric information alone.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
�s/s

P(
�

s/
s)

RAVE + TGAS

P(
�

s/
s)

RAVE

All
Giants
Dwarfs

Figure 18. Fractional distance uncertainties for sources when we ignore
TGAS parallaxes (upper panel) and when we use TGAS parallaxes (lower
panel). In each case we show the pdfs for all sources (black), and sepa-
rate ones for giants (log g < 3.5, red) and dwarfs (log g � 3.5, blue). The
dashed lines show the median values in each case, (0.33 and 0.16 without
TGAS and with TGAS, respectively) for all stars (i.e. 51 percent smaller
with TGAS), 0.36 and 0.20 for giants (44 percent smaller) and 0.31 and
0.10 for dwarfs (66 percent smaller).
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Figure 19. Parallax uncertainties when using the RAVE pipeline with
TGAS parallaxes. The dotted curve is the pdf for all stars using just TGAS.
The solid lines show the pdfs for all sources (black), and separate ones for
giants (log g < 3.5, red) and dwarfs (2.0 < log g � 3.5, blue). The dashed
lines show the median values in each case which can be compared to the
median TGAS uncertainty for these stars, which is 0.32 mas (essentially
independently of whether stars are dwarfs or giants). This median is 0.25
mas for all stars (24 percent smaller than TGAS), 0.15 mas for giants (54
percent smaller) and 0.29 mas for dwarfs (9 percent smaller).

For dwarfs the median uncertainty is just 10 percent, while for gi-
ants it is 19 percent. The full pdfs of fractional distance uncertainty
are shown in Figure 18.

The improvement over TGAS alone is shown in terms of par-
allax uncertainty in Figure 19. In this case it is the giants for which
the greatest improvement is found (again excluding stars with
log g < 2.0). The median TGAS uncertainty is 0.32 mas for either
giants or dwarfs, while the median uncertainty for RAVE+TGAS
is 0.20 mas for giants, and 0.24 mas for dwarfs.
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We synthesized this survey from a cosmological simulation (Latte)
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• Mapping the DM halo of the Galaxy in the Gaia era & beyond


• Statistical effects of small-scale DM structure


• Interpreting chemodynamic structure in the solar neighborhood


• Resolving the stellar halos of nearby galaxies

Making predictions for a 6+D galaxy



Image credit: NASA, ESA, PHAT Team



WFIRST Imaging of Bullock & 
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Williams: WINGS SIT June 2017

M31$

N185$ N147$

M33$

30$kpc$ 90$kpc$ 150$kpc$60$kpc$

N$

E$

M31$dSphs$

Giant$Southern$
Stream$

M31$Halo$Fields$

PAndAS$M31$Map$
(McConnachie$et$al.)$

Dwarf$Galaxy$Fields$

D~1 Mpc

WFIRST will resolve stellar populations in 100 nearby MW-like galaxies



Simulated image on 1 
WFIRST chip (of 18!) 

(courtesy Rubab Khan, 
Ben Williams) 

Stars: from mock stellar 
halo catalog  

at 5 Mpc 
(Me, Kathryn, Sol) 

Galaxies: from 
CANDELS (courtesy 
Eric Bell), randomly 

distributed
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• Mapping the DM halo of the Galaxy in the Gaia era & beyond


• Statistical effects of small-scale DM structure


• Interpreting chemodynamic structure in the solar neighborhood


• Resolving the stellar halos of nearby galaxies

Making predictions for a 6+D galaxy


