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Reconstructing the Galaxy’s accretion history

| o Evidence for

Hierarchical
Merging

| @ Stellar halo

“substructure”
found using star
counts

| * Dynamical

models can be
applied to
“extract’” recent
accretion history

1 ® “Phase mixing”

limits the scope
of dynamical
modeling (no
streams)
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Reconstructing the Galaxy’s accretion history
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* “Cosmologically”’-motivated simulations track bulk stellar

distributions
GISS 2011




[a/Fe]

0.6

0.4

0.2

-0.2

Reconstructing the Galaxy’s accretion history
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* Galactic Genealogy

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

green - halo
blue - low mass dSph

red - Sgr
cyan - LMC

(data compilation from
Geisler et al, 2007)

* Observations reveal trends in 2-D metallicity-space

= Metallicity distribution of satellites are correlated with
their accretion time & mass
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Reconstructing the Galactic halo's accretion history
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‘ ¢ The simulated halos

also include a semi-

analytical treatment

of metal-enrichment
via star formation
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Reconstructing the Galaxy’s accretion history

| | Halos

‘ ~ 1500 sim.
T, e e e accreted dwarf
galaxies
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Reconstructing the Galaxy’s accretion history
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halo02

A gl%up of

accreted dwarf
galaxy templates
are created by

~ 1500 sim.
satellites
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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
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A generative finite mixture model

Mixture components Observations
Accretion Time [Gyrs] -
0-1ZGyr‘s 12-140Tr5 T LA e e e e
= - 0.5 . B
_ ?_): 0.0+
% %]
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-3 -2 -1 0
[Fe/H]
N m
Fe « ..
Rl | Li.d ~ f(x,y) = g mifi(x,y)
i=1 Jj=1

Where the mixing proportions, 7, give the formation history.
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Model definition

_a _ Fe
“F YT H

Given m mixture components, we propose that the density from
which observations are generated is

Let X

fx,y) =) m fi(x) (1)
—1

@J
» Mixing proportion

» Mixture component j

m
where ) mi=1, m: >0, j=1,....m
j=1
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Simulations

» Generated observations from 11 realizations of halos

» Generated mixing components for these halos

» Used a 5x5 grid (m = 25), and several 2x2 grids (m = 4)
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Results for a 5x5 grid (m = 25), for one halo realization
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Estimating the mixing proportions 7

To estimate the mixing proportions, we can use a maximum
likelihood approach

fimLe = argmax L(7)
7T

where L(m) = Z log (Z@"?(Xi,%))
i=1 j=1

Unfortunately the standard MLE procedure for estimating 7 is
intractable with this likelihood.

The Expectation Maximization (EM) algorithm provides an
alternative way to estimate wmLE
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Expectation Maximization

Suppose we knew which mixture component f; each observation
came from:

NPT SO R
ZU—l(Xnyl 6)_{ 0 otherwise

The log likelihood can then be expressed as

D(m) =2 > zjlog {mfi(xi, )}

i=1 j=1

The addition of the latent variable z actually makes things easier
because it is easily differentiable in 7r.
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Estimating 7t using expectation maximization

We don't know z, so we replace z with the expected value of z,
conditioned on the data and the last known 7t:

#() = argmaxE [Q(ﬂ')

Uy

X, Y, ﬁ'(t_l)}

Starting with some random initial value for 70 we iteratively

» Find the expected value of [/(7) using the current expected
values of the latent variable z

» Set #(!) to the argmax of this expectation, which is simple to
7T
compute

And repeat until [(7) stabilizes to a range < 10™*
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Find the expected value of ((7r) using the current expected
value of the latent variable

The expected value of (), with respect to the conditional
distribution of z, given observed data and #(t=1) g

n m
X, Y, ﬁ(t_l)] = Z Z Er | zij|xi, yi|{ log fi(xi, yi) + log m; }
i=1 j=1

Er ()

Since zj; is an indicator, its expected value is simply the probability
that data point / comes from model j

B | 2515, vi] = Pra(z1 )

_ pxi yilzij = 1)p(z; = 1)
p(xi, yi)
_ (i, yi)
> i1 Trfi(xiy yi)
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Find the argmax of this expectation
7T

Now that we have the expected value of [/(7r) with respect to the
conditional distribution of z, we need only evaluate

#() = argmaxE [Q(T&')

T

X, Y, ﬁ'(t_l)}

Which can be analytically specified, at each time t, as:

n
(t)
(X, Vi
where  w\TY / Jf )
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Convergence and minimum observation size

Log likelihood % change T % change
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» Produces reasonable results few as 1,000 observations
» Confidence intervals narrow with more data
» |nsensitive to initialization of 7
» Large weights identified after 10 iterations
» (/(7r) stops changing appreciably after 60 (m=4) or 600

(m=25) iterations

» Always converges
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Covariance and confidence intervals

The asymptotic covariance matrix of 7 can be approximated by
the inverse of the observed Fisher information matrix, /:

- 0?(")
on'on’'T

I(m'|x,y) =

Cov(ftp, ig) = [I_l (ﬁ'/)] pq

with variance and correlation given by

Var(7;) = 012 = {COV(ﬁ')}jj

Cov(7p, Tq)

Corr(7tp, Tg) =
2,52

OpTq
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Confidence Intervals: 2x2 results
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Correlation between 7
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Conclusion

» We were able to reconstruct the formation history

» For multiple halo realizations

» With a single finite mixture model

» With good accuracy on a 2x2 grid

» Relatively quickly

» Equally well for large and small values of 7;

» With more data, more granular grids could be used

» We found confidence intervals and covariance matrices for the
mixing proportions
» Fisher information and n-out-of-n bootstrapping produced
nearly identical results
Future work
» Adaptive partitioning of mass and time since accretion

» Mixing components from smoothed metallicity curves
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