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The goal of astroarchaeology or Galactic archaeology isitavel the history of assembly of the
Milky Way, using fossil remnants of ancient star formatimerts which have disrupted and are
now dispersed around the Galaxy. Recent studies of chemlicaldances of stars in individual
(undispersed) open and globular clusters show that thainddnces appear to be homogeneous
to the level at which they can be measured, at least for eleyheavier than Al. The technique of
chemical tagging can be used to identify the fossil remnahtdd dispersed clusters from their
element abundance patterns over many chemical elementglavdo use the new HERMES
multi-object high resolution spectrometer on the Anglo thalsan Telescope to measure abun-
dances for up to 30 elements in about a million stars. Thignam is called GALAH (Galactic
archaeology with HERMES) and we hope to begin the pilot sindyid-2013.
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1. Galactic archaeology

The goal is to learn about the formation and evolution of tlaasy, using the stellar relics
of ancient star formation and accretion events. After thigth-clusters dispersed, these relic stars
may have lost much of their phase space information becaudgnamical heating and radial
migration. We know however that almost all bound open antglr star clusters are chemically
homogeneous for elements above Al. The detailed chemicaposition over many elements
of the surviving stars of such star forming events is likadybe conserved, and the relic stars
from a particular star forming event are likely to have thenesadetailed distribution of element
abundances. This provides a way to recognize relic stars fid long-dispersed star formation
sites.

I will start with some general points about the Galactic comgnts, and then look at some
more specific issues in Galactic archaeology.

2. Galactic Components

Almost all spirals appear to have a thick disk component,dditeon to their defining thin
disks. In large spirals like ours, the thick disk mass isdgfty about 10% of the thin disk. Near
the sun, the abundance ranges of the thick and thin disk st@rsap. The thin disk stars have
[Fe/H] in the range—0.7 to +0.5, while most of the thick disk stars have [Fe/H] between abou
—1 and—0.3, with tails extending to-2 and—0.1. The stars of the thin and thick disks have
different motions, different density distributions andfalient distributions in thed/Fe]-[Fe/H]
plane, whered/Fe] is the relative abundance of theelements Mg, Si, Ca and Ti. In the [Fe/H]
interval over which the two disk components overlap (abe@i7 to —0.1), the thick disk stars are
distinctly morea-enhanced, indicating that their chemical evolution ocadimore rapidly. Near
the sun, all of the stars of the thick disk appear to be oldy agfes in excess of about 10 Gyr.

We know that the Galactic thin disk shows a mean abundanaiegitaof about—0.07 dex
kpc~t. Near the sun, the thin disk stars cover a wide age range, apdot 10 Gyr. Their age-
metallicity relation (Figure 1) shows that stars of almdkages up to about 10 Gyr cover a broad
abundance range, with [Fe/H] values between abai7 to +0.5 and only a weak trend of in-
creasing abundance with decreasing age. The current ieliedt the most metal-rich thin disk
stars near the sun did not form near the sun but rather form#fgbimore metal-rich inner Galaxy
and migrated radially out to the solar neighborhood. Radligration is a big issue in Galactic
archaeology right now. It is believed to be driven by the tes|of the Galactic bar and spiral arms,
which can move stars radially from one near-circular omiamother (Sellwood & Binney 2002),
but we do not know how important radial mixing has been in ueit@ing the current state of the
Galactic disk. This question can be answered using the igebs of Galactic archaeology.

Measuring stellar ages is a vital part of Galactic archapoloNVhen we identify the fossil
relic stars of dispersed star forming event, we will needdtineate their ages in order to build
up a picture of the assembly of the Milky Way. Gaia will be arportant part of such work. It
will give us accurate stellar distances, and we can hope tsure the ages of the relics from
their color-magnitude diagrams. Measuring accurate agdaadividual stars is still difficult at the
present time. Near the sun we can use subgiants and stath@eaain sequence turnoff, for which
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Figure 1. The Age-Metallicity relation for subgiants near the sun (/e Boer & Freeman, unpublished)

ages can be estimated from isochrones. These stars arartbtofatudy at larger distances, and
we therefore know relatively little about the age-metélicistribution of the disk away from the
solar neighborhood. We can use giant stars to study the cheprioperties of the disk at larger
distances from the sun, but we cannot measure isochrondaggiants. Asteroseismology ages
for giants are not yet very accurate but will improve.

The bulge of our Galaxy is archaeologically interesting.aiinoxy bulges like the bulge of
the Milky Way are now not regarded as the products of mergdrey are believed to have formed
about 8 Gyr ago via bar-forming and bar-buckling instaietiitof the early disk. The disk forms
an elongated bar structure at its center, which then buekdially and settles into the long-lived
boxy shape. These instabilities of the disk redistributedisk stars into the bulge. The different
components of the early inner disk (thick disk, old thin digkunger thin disk) end up trapped
dynamically within the bulge structure. Their distributivithin the bulge depends on their initial
phase space distribution before the instability. We cantlsese components in the metallicity
distribution function of the bulge stars (Figure 2). The sghree components are seen all over the
bulge, but their relative weights change with position ia Hulge. In this way, the bulge provides
a fossil image of the early inner Galaxy.

3. Galactic archaeology of disk substructure

The Galactic disk near the sun shows some kinematical chmngi substructure (Figure 3).
These clumps represent stars that have some degree of comation, and they are usually called
stellar moving groups. The stars of the moving groups araralind us: they are seen as concen-
trations in velocity but not in position.

Some of these groups are the debris of old disrupted staecdlis the disk. Examples include
the HR 1614 and Wolf 630 moving groups (De Silva et al 2007 ,8&bKing 2010). These groups
are now dispersed into extended regions of the Galaxy, aidgtars are chemically homogenous
and have common ages. These particular groups are aboutdd3yut still retain some kinemati-
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Figure 2: The metallicity distribution function for the Galactic lgg. Ness et al (2012) propose that com-
ponent C comes from the stars of the early inner thick diskoBnfthe inner thin disk and A from the cold
metal rich part of the thin disk which is dynamically verypessive. Two more metal-poor components D
and E are also present: they are believed to come from thd-pmathick disk (D) and the inner halo (E).
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Figure 3: The density distribution of stellar kinematics of starsntba sun (adapted from Dehnen 1999). U
and V are the stellar velocity components in the radial afmhathal directions respectively, relative to the
Local Standard of Rest. The substructure near (0,0) is datexnby relatively young stars. The Hercules
feature and the HR 1614 moving group are labelled: see text.
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cal identity. We can expect to find many older groups of thiglkivhich have lost their kinematical
identity but still preserve their chemical identity. These the relics of the star formation history
of the Galaxy, and are of great interest for Galactic arcloggo

Other moving groups are associated with dynamical res@saassociated with the pattern
speed of the Galactic bar or spiral structure. The Herculesggseen in Figure 3 is an example. Its
stars are chemically a typical sample of the nearby disl avivide range of chemical abundances.
These dynamical groups are of limited interest for Galaatihaeology.

Some moving groups may be the debris of infalling dwarf gekwwhich were accreted by the
Milky Way and were then tidally disrupted. Such events amammnly seen in CDM simulations
of galaxy formation. Part of our goal is to identify such dshusing chemical techniques, even if
the debris has lost its kinematical identity, because trogiges a way to make a direct estimate of
the accretion history of the Milky Way.

In summary, although the disk does show some surviving kittiensubstructure in the form
of moving stellar groups, a lot of dynamical information viest in the the subsequent heating and
radial mixing by spiral arms and giant molecular clouds. Upolike the HR 1614 group are rare
examples of dispersed clusters which are still identifiddadth chemically and kinematically, al-
though not spatially. Most older dispersed aggregatesduoot now be recognizable dynamically
and chemical techniques provide the only way to recognie tiebris. Using element abundance
information in this way is called¢hemical tagging. The technique has not yet been widely used,
but here is a recent example in which chemical techniquesised to help identify stars which
appear to have been born together, and to work out what kipdreht object they came from.

Wylie de Boer et al (2012) used chemical tagging technigoeisléntify the nature of the
Aquarius stream (Williams et al 2011). This is a stream oblsérs identified from the RAVE
survey. The stars appear to be coming directly towards thdrem neard = 50°, b = —60°, and
the stream extends along the line of sight from 200 pc to 10 Kpe question is whether the stream
is the debris of a disrupted globular cluster or a dwarf galdxom its chemical properties, the
stream appears to be the debris of a globular cluster. lts ata homogeneous in heavy elements,
with a dispersion in [Fe/H] of @9 dex. They show the Na-O anticorrelation that is seen isim
all globular clusters. The distribution of the stream starthe Ni-Na plane (Figure 4) is different
for globular clusters and dwarf spheroidal galaxies (thibélieved to come from the slower star
formation rate in dSph galaxies than globular clusters)e Alquarius stream stars appear to be
more consistent with globular cluster debris than with tBeligalaxies.

4. Chemical Tagging

The idea of chemical tagging is to use the detailed chemmai@ances of stars to tag or asso-
ciate them to common ancient star-forming aggregates wétasg have similar abundance patters
(Freeman & Bland-Hawthorn 2002). The detailed abundantterpaover many elements reflects
the chemical state of the gas from which the aggregate faringdis way, chemical studies of the
stars in the Galactic disk can help to identify stars thatpare of the debris of common dispersed
star-forming aggregates, and also those which came in fugside in disrupting satellites.

A vital part of the chemical tagging process is that startelssare known to be chemically
homogeneous in the heavier elements, to the level of poecisith which it is presently possible
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Figure 4: The Na-Ni distribution for globular cluster stars, dwarhspoidal galaxy stars, field halo stars
and stars of the Aquarius stream (black star symbols) (VddiBoer et al. 2012). The stars of the Aquarius
stream are in the same part of the distribution as the globluater stars.

to measure (e.g. De Silva 2009, Pancino et al 2009). The eleabeindances within individual
clusters have observed dispersions that are significaesly than 0.1 dex. This should make it
relatively easy to identify the debris of disrupted stastdus via chemical tagging.

As a guide to what to expect for the abundance distributidrdispupted dwarf galaxies, we
can look at the element abundances in surviving dwarf sjdtedrgalaxies. This is more complex
(e.g. Venn et al. 2008). The accreted dwarf galaxies underageriod of chemical evolution
before they were captured and disrupted by the Galaxy. Egpbaas to have had a different star
formation history. The [Fe/H] abundance range of the stdifferent from galaxy to galaxy,
according to the usual mass-metallicity relation for dwgafaxies. The distribution of their stars
in the [X/Fe]-[Fe/H] plane is well defined for an individuahlgxy but differs in structure from
galaxy to galaxy, depending on their star formation histqiijere X is the abundance of some
element other than Fe.)

We can think of a chemical space (C-space) of abundanceswieets: e.g. Na, Mg, Al,
Ca, Mn, Fe, Cu, Zr, Ba, Eu ... . With the HERMES instrument,refances for up to about 30
elements will be measurable. Not all of these elements vattgdendently from star to star; many
vary together in near-lockstep. The dimensionality or nandff independent dimensions of this
chemical space is 8 to 9 (Ting et al. 2012).

Most disk stars inhabit a sub-region of this space. Statscdrae from chemically homoge-
neous aggregates like dispersed clusters will lie in tigimnps in C-space. Stars which came in
from satellites will lie on tracks in C-space which are diffiet from each other and may be different
enough to stand out from the stars of the Galactic thin arud thisks.

With this chemical tagging approach, we will be able to restarct old dispersed star-forming
aggregates in the Galactic disk, and may be able to put cditgamal limits on the satellite accretion
history of the Galaxy. This kind of chemical tagging expegithneeds a high resolution spectro-
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Figure5: Optical design of the HERMES four-band high-resolutioncspgraph

scopic survey of about a million stars (see section 6), h@amegusly observed and analysed. This
is the prime science driver for HERMES.

An important goal of the GALAH survey is to identify how sidicant mergers and accretion
events were in building up the Galactic disk and bulge. CoddkDMatter simulations predict a
high level of merger activity, which conflicts with some obal properties of disk galaxies. The
observational goal of the survey is to find the debris of gsoofstars, now dispersed, that were
associated at birth, either because they were born togeetlaesingle Galactic star-forming event,
or because they came from a common accreted galaxy.

5. HERMES

HERMES is a new high resolution fiber-fed multi-object speteter on the AAT. It has two
resolution modes (resolving power 28,000 and 45,000), and rion-contiguous spectral bands
covering a total of about 100 nm between about 470 nm and 790Tima bands were carefully
chosen to permit the measurement of abundances of as mangreteas possible from the major
element groups and nucleosynthetic processes. The fibiiopes is the existing 2-degree field
positioner, with about 390 fibers oversquare degrees. First light at the telescope is expected
in early 2013. The optical layout is shown schematically iguFe 5. The instrument has a single
collimator and four VPH gratings and cameras, with the baegsrated by dichroic beam splitters.
Each camera has axd4K E2V CCD detector. The wavelengths of the individual baasgiven
in Table 1.
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Band | Anin Amax

Blue | 471.8| 490.3 nm
Green| 564.9 | 587.3 nm
Red 648.1| 673.9 nm
IR 759.0| 789.0 nm

Table 1: Wavelength intervals for the four HERMES bands

Dwarf | Giant
Thin disk 0.58 | 0.19
Thick disk | 0.11 | 0.07
Halo 0.02 | 0.03

Table 2: Fractional contribution to the GALAH sample from Galactangponents

6. Galactic archaeology with HERMES

We are planning a stellar survey (the GALAH survey) of abouhilion stars, using the
HERMES instrument. The faint limit for the survey\'s= 14, chosen to match the typical stellar
density to the fiber density. The survey will cover about lo&lthe accessible sky, witlb| greater
than about 10 The instrument specifications are to give spectra with SNRG: per resolution
element (R = 28,000) at = 14 in a one-hour exposure. The program would then take al@fut 4
clear bright nights.

The details of the actual survey, like the adopted resaiutite exposure times, and the galac-
tic fields, depend on how well the instrument works, which wi mot know until it is on the
telescope. The primary motivation for the survey is the dbahtagging experiment described
above. We can be sure, however, that a sample of a millios, stéath high resolution spectra,
uniformly reduced and analysed, and with accurate radiakitees from HERMES and accurate
parallaxes and proper motions from Gaia, will be an invadki&dng term resource for a huge range
of Galactic and stellar science, much of which we have nothaight of.

The stars in such a survey will have a double-peaked temyperdistribution, with one peak
dominated by stars near the main sequence turnoff and tlee loyhclump giants. Table 2 shows
the expected fractional contribution from the giants anddsvfrom each of the main Galactic
components. The old disk dwarfs are seen out to distanceboaft d kpc, the clump giants to
about 5 kpc, and the brightest halo giants to about 15 kpc.

Our goal is to identify debris of disrupted clusters and dvgamilaxies. Assume that these
objects disrupted long enough ago so that their debris isammuthally mixed right around the
galaxy. The GALAH survey has a horizon which depends on tpe of star. About 9% of the
thick disk stars and about 14% of the thin disk stars passigiirour 1 kpc dwarf horizon, and we
are assuming that all of the disrupted objects whose orbits phrough at1 kpc-wide annulus
around the Galaxy at the solar circle are represented watlnirnorizon.

Simulations (Bland-Hawthorn & Freeman 2004, Bland-Hawthet al. 2010) show that a
random sample of a million stars with < 14 will allow detection of about 20 thick disk dwarfs
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from each of about 3000 star formation sites, and about XDdisk dwarfs from each of about
30,000 star formation sites. These numbers are indicatilyeamd depend on the upper and lower
mass limits for the mass spectrum of the disrupted objectmaller survey would mean less stars
from a similar number of star formation sites.

Is it possible to detect the debris of about 30,000 diffestat formation sites, using chemical
tagging techniques ? Are there enough independent cellssipaCe to make this possible ? The
answer appears to be yes. We would need about 7 independgnicethelement groups, each with
about 5 measurable abundance levels, to get enough indaperells (i.e. 5: 48 would also be
sufficient). The abundance spread in each of the thin andé théks is at least 0.5 dex, and we
expect to be able to measure the element abundances diffiélyeto an accuracy of about 0.05
dex, giving more than 10 measurable abundance levels. Thendionality of chemical space is
now known to be 8 to 9, and we discuss this further in the nestise

6.1 Thedimensionality of the GALAH chemical space

We expect to be able to measure abundances for at least 26rgtethi, C, O, Na, Al, K; Mg,

Si, Ca, Ti; Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn; Y, Zr, Ba, La, Nd,)Fwith a few more elements in
some stars. The HERMES spectral bands (BGRI) were chosearstweemeasurable lines of these
elements, which represent most of the major element grougpsacleosynthesis processes. The
bands also include thedHand H3 lines.

The variation of these elements from star to star is highlyetated, and the number of in-
dependent dimensions of this C-space is much less than 2§. eTial. (2012) made a principal
component analysis (PCA) of element abundances from cgtadb metal-poor stars, metal-rich
stars, open clusters and also of stars in the Fornax dSpkygdlae PCA included detailed simu-
lation of the effects of observational errors, element leyreint, on the apparent dimensionality of
the C-space. The outcome is that the HERMES C-space has slomality of 8 to 9 for all these
samples, but the principal components change from samglkeniple.

The principal components are vectors in the C-space of #reait abundances [X/Fe], and
these vectors are identifiable with nucleosynthetic preegsThe principal components are eigen-
vectors of the correlation matrix, and are all orthogonahim C-space: therefore the higher com-
ponents are projections on hyperplanes normal to the moreipent components.

The number of significant principal components is similafeetal-rich and metal-poor stars,
but the actual components are different. The structureenfrtain components reflects the dominant
nucleosynthetic processes for each sample (see Ting eDaR f&r a detailed discussion). The
interpretation of the first principal component (the comgurwith the largest eigenvector) is clear,
but it is not so obvious for the others because of the pragecti

For example, for the sample of low-metallicity stars witB.5 < [Fe/H] < —2 (excluding the
carbon-enhanced metal-poor stars), the first principalpoorant includes all of the n-capture ele-
ments and the alpha-elements. It is probably related to@utepse SN producing alpha-elements
plus the r-process contribution to n-capture elements. sBvend component shows an anticor-
relation of alpha-elements with Fe-peak and n-capture exésn and may be related to “normal”
core-collapse SN which do not contribute to the r-process.

The Ting et al. (2012) PCA components are based on sampldswfraindred stars which had
not always been homogeneously analysed. The homogeneshstyved and analysed GALAH



Astroarchaeol ogy Ken Freeman

20

IIr]rlTllll’Il‘ T 7T

_ & i

- . -

16 - . _j
cn: :
& 10— -
S o i
5 — -
Oﬁllllllll‘_L_I_J_Ill |1~

-5 0 5
X (kpc)

Figure 6: The location of old open clusters projected on to the Galgdane. The red circle shows the
Galactic center. The sun is at the center of the blue cirdlég smaller blue circle shows the horizon for
HERMES old turnoff stars, and the larger circle shows thazoor for clump giants. Most of the older
clusters in the inner disk have been disrupted. The sampHE®&RMES clump giants in the inner disk is
expected to include the debris of many disrupted clustedsipfed from Friel (1995).

sample of about a million stars will help to delineate theuradf the principal components more
clearly.

Ting et al. also compared the C-space for open clusters hwtdee Galactocentric radii from
6 to 20 kpc, with the C-space for metal-rich stars in the so&ghborhood. The C-space for the
clusters has about one more dimension that the stars neantheNe may find for the GALAH
sample that the C-space for the more widely distributedtgiégsee Figure 6) has more dimensions
than the C-space for the dwarfs, which cover a smaller argaeofGalaxy, similar to the area
covered by the Ting metal-rich sample.

7. Chemical taggingin theinner Galactic disk

Although young open clusters are present in the inner Gatagyld ¢ 1 Gyr) surviving open
clusters lie mostly in the outer Galaxy, beyond a radius oual8 kpc (Figure 6). The absence of
old open clusters in the inner Galaxy is usually attributethe stronger disruptive influence of the
Galactic tidal field and interactions with giant molecullougls in the inner Galaxy. This suggests
that we may expect to find the relics of many disrupted oped ¢dobular) clusters in the inner
disk. The inner disk may then be a good place to apply chenacmjing techniques to recover
cluster debris, using GALAH giants in the inner disk. We ectpgbout 200,000 survey giants to
lie in the inner regions of the Galaxy.

10
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Disrupted clusters will provide a strong test of the impoc&of radial mixing for the evolution
of the disk. Open clusters are on near-circular orbits winey tare young. In the absence of
radial mixing effects, their dispersed debris would stél dn near-circular orbits and be confined
to a fairly narrow annulus around the Galaxy. On the othedhé#me influence of radial mixing
would be to spread the debris of individual clusters overgelarange in radius. In this way, the
radial extent of the chemically tagged debris of disruptedters of various ages will give a direct
measure of how much radial mixing has actually contributetihé evolution of the Galaxy.

The Na/O anticorrelation is unique to globular clusters] aill help to identify the debris of
disrupted globular clusters
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