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4 J. C. Richardson et al.

Fig. 1.— Surface density map of stars with colors and magnitudes consistent with belonging to metal-poor red giant branch populations
at the distance of M31. The almost uniform underlying background is mainly contributed by foreground stars in the Milky Way together
with a small residual contamination from unresolved compact background galaxies. All of the previously known M31 dwarf spheroidals in
this region covered by the survey are readily visible as well-defined over-densities and are marked with blue circles. The five new dwarf
spheroidals are highlighted in red. (And XIV is the dwarf spheroidal just south of the present survey area, while AndVI and AndVII lie
respectively well to the West and North of the region shown.) NGC147 and NGC185 appear at the top of the map and M33 at the bottom
left. The green circle lies at a projected radius of 150 kpc from the center of M31 within which most of the survey lies. In addition to the
satellite galaxies numerous stellar streams and substructures are visible. Although the majority of small over-densities are satellite galaxies
of M31, a few to the southern end of the map (not circled) are resolved globular cluster systems picked out surrounding nearby low redshift
background elliptical galaxies.

(MW) disk at the top right of the CMD with g− i ∼> 2.0
and i ∼< 23.0. The fainter group of objects centered at
0.0 ∼< g− i ∼< 1.5 and i ∼> 24.0 and most readily visible in
some of the comparison regions are generally caused by
contamination from mis-classified compact background
galaxies.
The right hand panel of Fig. 3 displays the i-band lu-

minosity functions (LFs) of And XXIII - XXVII (black)
computed within two half-light radii of the centers, and
a scaled LF from a nearby reference field of nine times
larger area (red). These large area reference fields have

also been used to measure the distances, magnitudes
and metallicities referred to later in this paper. For
And XXIII, And XXIV, And XXV and And XXVI the
reference regions are described by elliptical annuli with
the same ellipticity and position angle of the dSph in
question (see Table 1), the inner boundary lies at four
half-light radii from the center of the dSph and the outer
boundary is positioned so that the area covered is nine
times larger (after allowing for gaps and edges) than the
area used for the dSph. For And XXVII a circular refer-
ence region was chosen one degree to the North-East to

Richardson et al. 2011

• Dynamical 
models can be 
applied to 
“extract” recent 
accretion history

• “Phase mixing” 
limits the scope 
of dynamical 
modeling (no 
streams)

Reconstructing the Galaxy’s Accretion History

• Stellar halo “sub-
structure” found 
using star counts

Observations of Hierarchical Merging
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Motivation

green - halo
blue - low mass dSph

yellow - dIrr
red - Sgr

cyan - LMC

(data compilation from 
Geisler et al, 2007)

✦ Observations indicate that dwarf galaxies lie “unique” locations 
in chemical abundance ratio distribution (CARD) space

Reconstructing the Galaxy’s Accretion History
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Reconstructing the Galaxy’s Accretion History

• Observations reveal trends in 2-D metallicity-space
➡ Metallicity distributions of satellites are 

correlated with their accretion time & mass

green - halo
blue - low mass dSph

yellow - dIrr
red - Sgr

cyan - LMC

(data compilation from 
Geisler et al, 2007)

• Galactic Genealogy 
➡Stars “remember” their 

“genetic” ancestry - that 
is, chemical abundances 
inherited from previous 
generations of stars

• “Chemical Tagging” - First envisioned as a means of tracing disk evolution 
(Freeman & Bland-Hawthorn 2002; Bland-Hawthorn & Freeman 2004)

Theory:  Accretion Events are recorded in the Halo’s 
Chemical Abundance Ratio Distributions



3.2: Methods 63

ratios needed to potentially disentangle accretion histories of accreted dwarf galaxies via

methods similar to chemical tagging (Freeman & Bland-Hawthorn 2002; Bland-Hawthorn

& Freeman 2004).

Figure 3.2: Plot of [ αFe ] vs. [Fe
H ] for ∼ 3× 104 “star particles”. Each particle is color-coded to

represent the relative stellar mass/luminosity of its parent satellite. The relative number
of particles in the accreted satellite mass/luminosity range reflects the expected relative
contribution from each parent to the total stellar mass of the host halo. The chemical
evolution tracks of five satellites, randomly chosen to span the stellar mass range of
accreted satellites for Halo 1, are displayed over the colored particle distribution as black
dashed lines and labeled by a stellar mass proportional to the typical satellite stellar mass
found in the mass bins outlined in §3.2.3 and displayed in Figure 3.3.

Bullock & Johnston `05; 
Robertson+ `05; Font+ `06 
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✦ Models indicate the 
same “distinctive” 
locations in CARD 
space

Reconstructing the Galaxy’s Accretion History
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Reconstructing the Galaxy’s Accretion History

•Can we reconstruct the accretion history of the Galactic 
halo from stellar distributions in 2-D metallicity-space?

Models:  Accretion Events & the Halo’s CARD

0.1 dex errors for mock obs.
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✦ Construct satellite template 
sets (STS) to use in generative 
mixture models of “MW-like” 
halos  

✦ We apply the EM algorithm to 
simulated halo accretion data 
using STS  

✦ Obtain estimates for the rel. 
contributions to the total 
luminosity of each simulated 
halo

Summary of Method66 Chapter 3: Reconstructing the Accretion History of the Stellar Halo

Figure 3.3: Plot of “Naive” 5x5 STS along with projects in the tacc − Msat plane. Top-
right: Our “Naive” 5x5 STS. The relative contribution of stellar mass from a subset of all
1515 satellites in each template is shown as percentages of the total halo stellar mass (red).
Each column and row reflects the mass/stellar mass-metallicity relation and age-metallicity
relation, respectively (see §3.2.1 for details). Top-left and bottom-right: Projections of the
5x5 STS into the tacc plane (top-left) and Msat plane (bottom-right) are equivalent to the
1x5 (mass-divided) STS and 5x1 (time-divided) STS explored in §3.3. Bottom-left: Plot of
a projection into both parameter dimensions exemplifies a density distribution (i.e. F(xd))
similar to the parent distributions of individual halos from which “observed” stars are
drawn in our analysis.

Reconstructing the Galaxy’s Accretion History
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Reconstructing the Galaxy’s Accretion History

Parameterizing Accretion History

F(xn) => distribution of observed halo stars in C-space 
(n = # of tracked elements)

Ai => accretion history of the halo 

Fi (xn,Msat,tacc) => chemical abundance [ratio] distributions 
of models of dwarfs/accreted systems

Use the Expectation-Maximization Algorithm to 
determine model contributions to the simulated halos
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Reconstructing the Galaxy’s Accretion History

Evaluating our EM Estimates

“Factor-of-Error” values (FoE) = the max(AEM/AT,AT/AEM)
j = indicates the jth satellite templates
m = # of satellite templates

wj => weighting for average Factor-of-Error <FoE> value

- wj = m-1 (uniform weighting) is used for the general 
valuation of EM estimates (AEM) in the study

Accretion History of the Galactic Halo. 7

on the data (and within some tolerance), is maximized.
More specifically, the maximizing value of the t

th itera-
tion, A(t), is then used as the starting value for the next
run, and it continue until the likelihood changes by less
than 10�3 over twenty-five iterations.7 Details to the im-
plementation of this technique are shown in Appendix A.
We discuss how we evaluate the success of our esti-

mates in the next section. Results from the EM estimates
are discussed from §3 onwards.

2.5. Evaluating the success of the method

In order to evaluate the relative success among our
calculated AHPs across all halos and the success of the
technique across various STS, we compare the EM esti-
mates, A

EM

, to the known true values, A
T

. Using these
values we can calculate the “factor-of-error” (FoE) ratio
for each template EM estimate. The FoE value is defined
as the maximum between A

EM,j

/A

T,j

and A

T,j

/A

EM,j

.8

One way to evaluate the fidelity of our results is to
determine an average FoE ratio (hFoEi) from all FoE
measured (i.e. from a given STS and halo). This hFoEi
is an average of all FoE

j

, weighted by w

j

, and given as

hFoEi =
m

X

j=1

w

j

· FoE
j

(6)

where w

j

represents a choice of weights for the relative
importance of each template estimate and m is the num-
ber of templates used. The lowest hFoEi value indicates
the best results balanced by w

j

in STS templates for
each halo examined. For our primary analysis we take a
mean of FoE values (w

j

= m

�1) while other weights are
examined in §5. The method of evaluation is applied to
results in §3–§4.1.2.

3. RESULTS I: ACCRETION HISTORY PROFILES IN 1-D

In this section, we determine how accurate our satellite
contribution estimates can be for our simplest STS. More
explicitly, we investigate how well we can estimate the
fractional contributions to a halo’s construction via STS
that span the stellar mass of the accreted system (i.e.,
its luminosity function) or its time of accretion (i.e., its
stellar mass accretion history).

3.1. Stellar mass fractions

As discussed in §2.3, we can construct a true AHP
from our model stellar halos to determine how accurately
we can estimate them using the EM algorithm discussed
in §2.4. Here, we examine the accuracy of our 1x5 STS
estimates which are a 1-D set of 5 mass bins (as described
in §2.3 and shown in the top-left of Figure 3) — that is
to say, we evaluate how well we can recover stellar mass

7 During the course of our investigation we repeated
our maximization step with random starts (for every halo
and sample size) many times. In every instance, each
run converged at (nearly) the same optimal value, which
illustrates that, given our setup, the global maximum was
attained essentially every time.

8 This definition is chosen to obtain the most general sense of
FoE statements (which are common in astronomy) such as “the ob-
served [generic] measurements are within a factor of 2 of theoretical
predictions.” This statement implies that observed measurements
are between less-than-twice and greater-than-half of the theoretical
values in question.

Figure 4. A plot of fractional stellar mass contributions to the
host halo versus the satellite’s binned stellar mass for the best and
worst EM estimates among our 11 halos (labelled h1–h11, here-
after) for 1x5 STS. Selection of these halo estimates are based on
their hFoEi values, given in respect to the number of stars (here
we use ⇠ 104 stars) observed. Estimates from observations (open
squares) are shown for each of the five templates. Their corre-
sponding actual values (circles) are also shown with various holes
and colors that indicate the “factor-of-error” di↵erence between
the estimate and actual values (see legend for key). See text for
discussion.

fraction contributions from satellites with no sensitivity
to their time of accretion.
Figure 4 presents some characteristic results from our

1x5 STS analysis. The top panel legend indicates that
open squares represent the A

EM

values estimated by
applying our EM analysis to observed abundances from
⇠ 104 observed stars.9 Error bars (calculated from the
Fisher information matrix) indicate the smallest possible
(1�) error values (see Appendix A for details). The col-
ored circles shown represent the A

T

(true) values while
the specific colors of each circle categorize the FoE be-
tween A

EM

and A
T

values by the color legend to the
right of the plot. Various FoE values spanning less than
1.1 (bluish-green “solid” circle) to 10 or more (red
“solid” circle) are examined.
In the figure, two plots are chosen to display results

from two representative halos (labelled by “h” with the
designated number for the halo for short). The two ha-
los are the best (h8) and worst (h5) AHP estimates as
determined by their average FoE (hFoEi) values.
Looking at our best EM estimates from h8, we see that

individual A
EM

produce errors that are within a factor
of 2.5 or better for all template estimates using ⇠ 104

observed stars. This remarkable considering that we are
characterizing . 10�2 to 10�3 of the total halo luminos-
ity for the lowest mass bins.
Our worst EM estimates from h5 seems to reinforce the

notion that this analysis provides reliable results. In this
worse case scenario, most estimates are within a factor
of 2 while the worse estimate (given for our most massive

9 In a similar e↵ort to this work, Schlaufman et al. (2012) an-
alyzed the [Fe/H] and [↵/Fe] chemical signatures of 9005 SEGUE
stars in the MW (smooth) halo to ascertain the relative contribu-
tions to the accreted structure of the smooth halo finding a strong
correlation between the SEGUE data and the accretion formation
of MW halo analogs in N -body simulations at distances beyond 15
kpc from the Galactic center. Our choice of sample size demon-
strates another way in which this dataset might be used.
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✦ Results indicate that we can recover a majority of the luminosity 
function (LF) of the halo in most cases examined with “high 
precision” — i.e., within a FoE = 2

Some Notable Results I
Reconstructing the Galaxy’s Accretion History
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Reconstructing the Galaxy’s Accretion History
Accuracy of stellar mass fractions across 

halo realizations: <FoE>
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Reconstructing the Galaxy’s Accretion History
Accuracy of stellar mass fractions across 

halo realizations: <FoE>
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✦ Results indicate that we can recover the accretion history of the 
halo in most cases examined with “high precision” — i.e., within 
a FoE = 2

Some Notable Results II
Reconstructing the Galaxy’s Accretion History
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Reconstructing the Galaxy’s Accretion History

 Comparison of results across all STS



Caltech Astronomy Tea Talk - 02/09/2015
15

Duane M. Lee (SHAO)

Reconstructing the Galaxy’s Accretion History

 Reliability of results across all STS
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✦ Method is particularly 
sensitive to older 
accretion events 
involving low-luminous 
dwarfs e.g. ultra-faint 
dwarfs — precisely 
those events that are 
too ancient to be seen 
by phase-space 
studies of stars and 
too faint to be seen by 
high-z studies of the 
early Universe. 

Some Notable Results III
Reconstructing the Galaxy’s Accretion History

- wj = (AT)J-1 is used for low-mass dwarf weights 
- wj = (AT)J is used for high-mass dwarf weights
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Reconstructing the Galaxy’s Accretion History

Summary:  Typically, we can recover the 
accretion history for ≳75-90% of the total 
stellar halo mass to within a factor of ~2 in sim 
halos

• Test of simulation models:  # of “stars” 
observed range from ~103 - 3x104

• Planned APOGEE halo observations: #’s range 
from ~1000, ~10,000, 25,000+ halo field stars                           
What about LAMOST???

Future Work: Development of more realistic 
CARD models for dwarf galaxy templates

(from G. Zasowski et al. 2013)
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Summary:  Typically, we can recover the 
accretion history for ≳75-90% of the total 
stellar halo mass to within a factor of ~2 in sim 
halos

• Test of simulation models:  # of “stars” 
observed range from ~103 - 3x104

• Planned APOGEE halo observations: #’s range 
from ~1000, ~10,000, 25,000+ halo field stars                           
What about LAMOST???

So...

Future Work: Development of more realistic 
CARD models for dwarf galaxy templates

... and for the MW halo given...

(from G. Zasowski et al. 2013)


