
There are many factor that contributed to building up the !
Milky Way and other galaxies like it:!

–  Hierarchical structure formation!
–  Mergers and accretion events  !
–  In-situ star formation!
–  Stellar migration!
–  Detailed history largely unknown!

We can trace these factors using the motions and chemical !
properties of stars. Our Galaxy is the only place we can do !
such detailed star-by-star studies!

We want to recover the fossil building blocks that are now !
hidden within the Galaxy – this is Galactic Archaeology!

Background"



Stars form in clusters (topic of meeting):!
•  star formation observed in regions/groups!
•  in theory cannot form a single star ??!
•  clusters are short-lived, disperse away !
•  only few old open clusters remain bound!

Individual stars of ancient clusters are now !
dispersed into Galaxy background. !

How can we identify and reconstruct these !
‘fossil’ stellar aggregates ?!

•  kinematical information!
•  limited for older star clusters*!
• What about chemistry ? !



Chemical Tagging "
Use the chemical information within stars to “tag” them to 
common formation sites (Freeman & Bland-Hawthorn 2002)!

Assumes stars form in clusters and such clusters are chemically 
homogenous – holds for present day open clusters!

The chemical elements are sign posts for an array of events:!
•  Various nucleosynthesis origins of the elements!
•  Abundance ratios provide frequency/importance of physical process!
•  Identify unique chemical signatures of ancient star forming event!

•  Disentangle a detailed physical model that led to the present Galaxy!



*Chemical tagging is found to be more powerful than kinematics.!

Chemistry can differentiate origins of known kinematical disk 
substructures such as moving groups and stellar streams (Olin Eggen)  !
For example:!

•  HR 1614, Argus Association & Wolf 360 group = dispersed clusters !
De Silva et al. 2007, De Silva et al. 2013, Bubar & King 2010!

•  Hercules stream = dynamical stream !
Bensby et al. 2007!

•  Hyades supercluster = bit of both! !
Pompeia et al. 2011, De Silva et al. 2011, Tabernero et al. 2011!

What about kinematically unknown substructure? !
Can we identify them ?	  



Blind chemical tagging experiment (Mitschang et al. 2013 and 2014)  !

Sample: !
•  ~700 field stars from Bensby et al. 2014!
•  Abundances homogeneously analysed!

Method: !
Use a chemical difference metric to find groups using *only* abundances!

1.  Compute	  δC	  between	  all	  pairs	  	  

2.  Iden7fy	  δC	  value	  corresponding	  to	  set	  Plim	  
3.  Iden7fy	  all	  pairs	  mee7ng	  item	  (2)	  as	  set	  Sc	  	  	  	  

4.  Evaluated	  group	  as	  complement	  of	  Snc	  in	  Sc	  	  
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Figure 1. The top panel shows the distribution of numbers of members
for groups with 3 or more members, while the bottom panel shows the !C
values corresponding to the bins; squares are the max !C and circles are
the mean, in each group. Both panels are sorted by number of stars in the
recovered group. In each panel Plim = 90% is represented by red, while
Plim = 68% is black.

planes, with comparison to the entire sample, selected to illustrate
some of the range, and extremes, of recovered groups. Panel (a)
shows one of the largest tagged groups, which, though it exhibits
large scatter in kinematics, has a tight orientation in the CMD plane
about its best-fitting isochrone (see Section 4). In panel (c), the
main sequence of the group appears atypical by eye, given the a
seeming reverse slope, and is difficult to fit due to this and the pre-
dominance of lower main-sequence dwarf stars, an issue which af-
fects many groups in the analysis (seen in panel d as well); stars on
the lower main-sequence provide only weak discriminatory power
between isochrones of different ages, due to the convergence of
evolutionary tracks at low surface gravities. However, it is impor-
tant to note that the atypical form may be an illusion; if the full
population of that group were available, it is possible the same in-
terpretation would not be made, perhaps save a single star. Panel (d)
shows a lowmembership group where mostly lower main-sequence
stars are identified, consequently making an age determined from it
less meaningful. Figure 2 also highlights the range of ages that the
groups have from under one to 14 Gyrs.

Performing the calculation for total chemical tagging effi-
ciency given in Mitschang et al. (2013), based on their literature
abundance sample, the expected efficiency of chemical tagging at
68% limiting probability would be roughly 9%, meaning that 9%
of the total sample of stars could be reliably tagged. Combining the
contamination rate of 50% in that study with the ! 80% tagged in
our experiment, we may have cleanly tagged 40% of the stars in our
sample, which is significantly larger than expectations. Moreover,
the 9% efficiency estimate was based purely on the confluence of
two separate star formation signatures in chemical space, due to
the fact that the abundance sample used contained only stars from

known open clusters. A field star sample would be further compli-
cated by dynamical mixing processes, which means that the chem-
ical tagging efficiency would have to be folded in with the prior
probability that any two random stars in a local sample, regardless
of their observed properties, are conatal. In this context, the number
of stars tagged seems at odds with the number of conatal signatures
we might expect. How likely is it that we would find multiple (or
any) such conatal associations in the Hipparcos volume?

A comprehensive approach to answering that question would
require detailed modeling of Galactic evolution at the scale of indi-
vidual stars, tracking disrupting clusters over a large range of cos-
mic time, possibly in the form of an N-body simulation. To our
knowledge, simulations of this nature have not been fully rendered
yet.

In Freeman & Bland-Hawthorn (2002) it is suggested that
chemical tagging will probe particular enrichment events, i.e., those
which polluted a molecular cloud resulting in a star formation
episode discrete in space and time. Those stars would then disperse
around the Galaxy, retaining their initial chemical patterns. Given
the seeming implausibility of detecting as many apparent coeval
groups as we have, even for very tight chemical differences, we
offer several interpretations that may explain our results:

1.) The chemical overlap between conatal groups is far greater
than observed in Mitschang et al. (2013), resulting in high con-
tamination, and tagged groups represent nothing more than
stars with similar chemistry.

2.) Open clusters, or the current literature sample, do not ade-
quately represent typical star formation in the disc, resulting in
the contamination estimate being either too high or too low.

3.) Stellar dynamical mixing processes (e.g. radial migration,
churning) are not efficient, keeping members of unbound as-
sociations in relative proximity.

4.) The star-formation and enrichment cycle, per epoch, is not
stochastic, yielding similar abundance patters as a function of
age to within current measurement abilities. In other words,
chemically tagged groups represent coeval, but not conatal,
stars.

We will continue to discuss these interpretations of chemically
tagging groups for the remainder of this work. Initially, and for the
next section, involving stellar age determinations, we operate on the
traditional assumption of Freeman & Bland-Hawthorn (2002), that
these groups represent star formation sites similar to open clusters
but which have dispersed, i.e., they are considered conatal.

4 STELLAR AGE DETERMINATIONS

Perhaps one of the most powerful incentives to tag coeval groups of
stars is to enhance the reliability of determining ages for the stars
that make them up. There are many methods for determining ages
for single stars (Soderblom 2010), but by far the most common
method is by fitting isochrones to their positions on a CMD plane.
The most obvious difficulty here is that fitting any model curve to
a single point is a highly degenerate problem. With isochrones, this
is especially difficult in the lower main-sequence region, as tracks
of different ages converge with decreasing temperature on the main
sequence. Even in the turn-off region, where the track separation
is higher for any given difference in age, overlaps can resurface at
very large age separations.

More subtly, these fitting procedures aim to land the star
exactly on the isochrone. It is possible that scatter about model
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Chemical tagged ages give better defined age-metallicity relations!2762 A. W. Mitschang et al.

Figure 8. Age distribution functions for the abundance selected thin (grey)
and thick (green) discs. The shaded histograms denote chemical tagging
ages while the solid lines show single star ages – including only stars that
are also included in the filled histograms – for reference.

make comparisons with the simulations difficult, especially since
they typically show non-linearity in the relation towards older ages;
however, it is worth mentioning that Roškar et al. (2008b) show, in
their simulated data, that an in situ population in the solar vicinity,
as opposed to one including radial migration, exhibits a steeper,
and tighter, AMR. The bottom panel of Fig. 9 is similar to the top,
except showing the [Ti/Fe] abundances. The slope is quite shallow,
but positive, for young stars, and consistent with single star ages.
We see a knee at around 9 Gyr, prior to which there is a rapid rise in
!-abundances with respect to [Fe/H]. The age at which this abun-
dance knee is observed is the same age that appears to separate the
abundance determined thin and thick disc stars seen in Fig. 8.

One could argue about the presence of a knee in the [Fe/H]
distribution. If indeed present in these data, it is certainly a weak
signature. The bimodality of the !-abundance relation with age,
however, is unambiguous. Recently, Bovy et al. (2012) suggested
that the Galaxy does not have a distinct two-component disc in terms
of scaleheight, but rather a smooth distribution, and that the [!/Fe]
versus [Fe/H] bimodality previously seen was merely a selection
effect. The W-component AVR in the top-right panel of Fig. 7
seems to argue in favour of a smooth distribution, given the smooth
monotonic heating signature seen, though we must note that the
kinematic selection of the data may preclude such an analysis.
The chemical evolution is clearly not smooth, however, and the disc
appears to have two distinct components in the sense that something
triggered a change in the mode of enrichment around 9 Gyr ago.
Given that stars of ages greater than 9 Gyr are predominantly thick
disc, this could be indicative of a separate star formation history for
these two populations.

6 TH E NAT U R E O F C H E M I C A L LY TAG G E D
G RO U P S

The initial and operating assumption for much of this work has
been that chemically tagged groups represent conatal groups of
stars. In light of results from the previous sections, we revisit the

Figure 9. Age versus metallicity for coeval groups using chemically tagged
ages and mean [Fe/H] abundances. Filled grey circles denote groups tagged
to a Plim = 68 per cent threshold and red open circles those tagged to the
90 per cent threshold. The size of symbols represents the relative size of
groups. All groups plotted here have three or more members. The light grey
points show the individual stars which are members of a 68 per cent tagged
group with greater than three members, but with their single star age. The
bottom panel is the same as the top but showing [Ti/Fe] as a function of age
(here the open symbols are blue). The trends are broadly consistent, except
the coeval groups appear to exhibit a tighter trend and steeper drop-off in
[Fe/H] beyond approximately 9 Gyr, while the Ti abundances rapidly rise at
the same cutoff.

interpretations introduced in Section 3.2 that aim to explain the
seemingly large numbers of stars in this local sample that were
tagged to groups. Four options were proposed which included un-
expectedly high contamination levels in chemically tagged groups,
open clusters as non-representative of typical Galactic star forma-
tion events, very poor mixing efficiencies within the disc and finally
homogeneity of chemical evolution on a Galactic scale as opposed to
a local molecular cloud scale. We reiterate that the calibration used
for determining the probability limits’ chemical tagging is based on
open clusters, which have been shown to not exhibit an AMR (e.g.
see Pancino et al. 2010), and are further at odds with our under-
standing of ‘typical’ star formation due to the fact that we observe
intermediate-age and old open clusters, which presumably should
have dispersed many millions or billions of years prior. Thus, they
may not be the best calibrator for field stars (unfortunately, there are
no better calibrators at this point in time). Adding to that, the purely
chemical approach to the empirical probability function ignores the
a priori probability of a pair of stars being born together in a given
volume. In a Galaxy with few clusters that remained localized, the
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52 CHAPTER 5. A FIRST BLIND CHEMICAL TAGGING EXPERIMENT

FIGURE 5.1: The left-hand plot shows the age velocity-dispersion relation for the first set of data from

Bensby using a δC cutoff value corresponding to 90% pair probabilities. The solid line traces the mean

relation while the dotted lines trace the widening of the distribution with age. Symbol sizes correspond to

relative group sizes. The right-hand plot is the figure appearing in the published version.

be more accurately determined using isochrone methods and the groups provide a natural bin-

ning to inspect the age versus velocity dispersion relationship. Logically, if stars form in groups

with small velocity dispersions (?) and eventually dissolve, older stars would have proportion-

ally greater spans of time to dynamically interact with components of the galaxy and thus their

dispersions would increase with age. Due to the stocasticity of Galactic dynamical interactions,

we would expect a larger spread in dispersions as time goes on. Figure 5.1 shows the very first

analysis of the data, and follows the aforementioned logic quite clearly.

Unfortunately (or indeed fortunately) we were to recieve new versions of the data thrice -
was it three times or two more. The second iteration dramatically shattered the illusion that

we were onto something exciting. The final iteration, shown in Figure 5.1 and which appears

in the published paper in this chapter, exhibits a qualitatively similar trend but note that the

layout of groups themselves is quite different from the previous figure. Part of this effect is

due to the over-sensetivity that the 90% theshold imposes which turns out to be too close to the

measurement uncertainties. For that reason the 68% pair probability theshold was the primary

focus of analysis and appears as the dark circles in the right-hand plot. Subtly, the lessons from

multiple abundance analyses from the same observations unveils one the challenge of chemical

tagging and give a little clue the the true uncertainties existing in the data. If the differences in

Velocity dispersion 
with Age!

Assuming mixing 
processes expect 
older populations 
to exhibit greater 
velocity dispersions!

Chemically tagged 
groups provide 
information about 
velocity dispersion 
trends that could 
not be previously 
explored. !
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Target:	  a	  million	  stellar	  spectra	  at	  high	  resolu7on!	  	  



Key GALAH science questions: !
(a)  When and where were the major episodes of star formation in the 

disk and what drove them?!
Identify the dominant nucleosynthetic processes (principle chemical components) !
as a function of position, velocity and stellar orbital motions. Direct evidence for a !
physical sequence of disk evolution.  !

(b)  To what extent is the Galactic disk composed of stars from merger 
events? !

Examine the frequency of dwarf galaxy signatures vs. homogenous clusters.  !

(c)  How have the stars that formed in situ in the disk evolved 
dynamically since their birth?!

Examine distribution of stars in chemically recovered clusters – narrow range in RGC !
or spread over kpcs in radius Will depend on migration and mixing efficiencies.  !

(d)  Where are the solar siblings that formed together with our Sun?!
Chemically tag the solar family, chemical signature of Earth-like planets, aliens? !



HERMES is a High Efficiency and Resolution 
Multi-Element Spectrograph!

HERMES	  is	  the	  newest	  instrument	  available	  for	  the	  Astronomical	  
community	  on	  the	  3.9m	  Anglo-‐Australian	  Telescope,	  at	  Siding	  Spring	  
Observatory.	  

HERMES	  receives	  light	  via	  fibers	  	  
from	  the	  2dF	  posi7oning	  system.	  	  

2dF	  provides	  the	  ability	  to	  observe	  	  
up	  to	  392	  objects	  simultaneously	  	  
over	  a	  2	  degree	  diameter	  field	  of	  	  
view.	  





Channel! Wavelength (Å)!

Blue! 4715 - 4900!
Green! 5649 - 5873!
Red! 6478 - 6737!
IR! 7585 - 7887!

HERMES	  has	  four	  separate	  channels	  that	  provide	  spectra	  in	  
four	  wavelength	  regions	  at	  R	  ~	  28,000.	  	  

The	  current	  gra7ng	  setup	  was	  selected	  to	  cover	  maximum	  
number	  of	  ‘good’	  element	  lines	  needed	  for	  chemical	  tagging	  

These	  elements	  include	  Li,	  C,	  O,	  Na,	  Al,	  K,	  Mg,	  Si,	  Ca,	  Ti,	  Sc,	  V,	  
Cr,	  Mn,	  Fe,	  Co,	  Ni,	  Cu,	  Zn,	  Y,	  Zr,	  Ba,	  La,	  Nd,	  Ce,	  Dy,	  and	  Eu.	  
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Target Selection	  

Simple selection criteria: !
•  2MASS positions, APASS photometry, PPMXL proper motions!
•  Galactic latitudes between ±10° and ±45° up to declination +10!
•  All targets from 12 < V < 14!
•  no colour selection!

With 2dF+HERMES ~ 350 stars per hour gives > 2000 stars per night!
At ~100 nights per year for ~5 years gives > 1 million stars!

Execution	  



HERMES commissioning:  ! Completed in Oct to Dec 2013!
Pilot Survey: ! ! ! ! Observations completed in Jan 2014!
GALAH Phase I: ! ! ! Observations started Feb 2014!

Current Status	  

•  stellar parameters (temperature, gravity, rotation)!
•  radial velocity!
•  chemical element abundances from Li to Eu !!!
•  multiplicity, weird stuff … !

Data Products	  



Currently ~ 26,000 unique target spectra are under analysis. !
Expected public release of data products in ~18 months.!



GAIA: !
-  parallaxes and proper motions for all million stars!
-  give distances and 3D velocities, ages !
-  complete positional, kinematical and chemical mapping!

APOGEE survey & Gaia-ESO surveys!
-  complementary spectra in inner disk and outer halo!
-  common fields and calibration targets!

CoroT and Kepler 2 fields!
-  stellar parameters of planet hosting stars!
-  constraints for asteroseimology !

Individual follow-ups:!
-  “interesting” targets!
-  < insert your science case here >!

GALAH Synergies"



The GALAH Collaboration!

Australian-led team with 50+ members in Australian institutes !
and few overseas collaborators with specific skills!

−  International participation on specialized topics!
−  Potential for external collaboration!
−  Opportunities for student projects!



The	  GALAH	  team	  exploring	  varia7ons	  in	  
horizontal	  branch	  morphology	  

www.mso.anu.edu.au/galah/home.html!


