PhD Project on "How our Milky Way was Assembled’

or, specifically,

"Portraits of our Galaxy’s Disk, using Stars of the Same Age’

1. Framework: Dissecting our Milky Way to understand how it was put
together

Our Milky Way, by our position within it, is the only big galaxy that we can fully resolve
into stars, and where we can measure the 3D positions (and 3D velocities) for a substantive
fraction of all stars, which implies that we can construct their orbits. In the Milky Way, we
can also measure the elemental abundances of vast number of individual stars; this ’degree
of nuclear waste pollution’ gives us a hint when and where the stars were born. For some
stars, we can get directly their ages.

Taken together, we can in principle and soon in practice, get nearly complete information
about the stellar body of our Galaxy. An that basis we can make very direct inferences about
how our Milky Way was put together: e.g. are the old stars more in the inner part of the
stellar disk, while the younger stars are at larger radii? If so, it would imply quite directly
that our Milky Way’s disk grew ’inside out’? Or: did most stars form on near-circular orbits
in a thin disk, and then get increasingly perturbed (naively, more eccentric orbits and a
thicker disk) as time goes on? Do the stars stay (even approximately) at the radii at which
they were born? At the same time, the stars’ motions can probe the gravitational potential
in which they orbit, which could provide us e.g. with very direct constraints on the local
amount of dark matter.

Through a sequence of large spectroscopic and imaging surveys (called, e.g. SDSS,
RAVE and PanSTARRS1), which will culminate in the Gaia space mission to be launched
next year, we are embarking on a Galactic 'Genom Project’, establishing our Milky Way as
a model organism for galaxies. Fortunately, our Milky Way is as typical as it gets in the
present-day world of galaxies, implying that we should be able to generalize results that we
find ’at home’.

In the long run, we would like to directly reconstruct the Milky Way’s formation history
by drawing up an image of the distribution and kinematics of stars that were all born, say, 1
Gyrs, 2Gyrs, 5Gyrs and 10 Gyrs ago, and compare these distributions. The specific project
envisioned here is a crucial step in that direction: aim to make a map of the Milky Way’s
disk, presuming we only had eyes for stars 1Gyrs ago.
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2. Surveys: an exciting and intimidating flood of information

A variety of technological breakthroughs (and the willingness to spend money) have
made it possible to get basic information on stars (positions, velocities, chem. abundances,
ages) for vastly larger sample than in the past.

Photometric Surveys now cover the much of the sky, providing not only precise po-
sitions, but als 'proper motions’ of the apparent sky position (to about 2 mas/yr). The
precise colors provide an effective temperature determinations. For stars on the main se-
quence (most of them) the color determines the luminosity, which — in conjunction with the
observed flux — provides an estimate of the distance. Between the positions, the distance
estimates and the proper motions we have (albeit imprecise) constraints on 5 dimensions
of the 6D position-velocity space. MPIA (HW Rix) is currently leading the Milky Way
mapping of the most ambitious of these surveys, called PanSTARRSI.

Spectroscopic Surveys provide three important additional pieces of information: a
line-of-sight (Doppler) velocity, an estimate of the stars absolute luminosity (through the
surface gravity and its effective temperature), and the abundances of the "heavy’ elements.
The SDSS and RAVE surveys have by now gotten over half a million good spectra. And
the VLT has just started a 300 night survey (HWR, co-I) to get > 100.000 spectra of
unprecedented quality.

Gaia, ESA’s next big space mission, will take this to a dramatically new level: it
will provide motions for billions of stars and direct and precise distances through parallax
measurements. The data will only become available in 2015+ , but now is the time to think
through 'what exactly could we do, if we had the data?’

3. Towards Mono-Age Stellar Maps of the Milky Way

Our recent work (Bovy, Rix, et al 2011a,b,
http://adsabs.harvard.edu/abs/2011arXiv1111.1724B
http://adsabs.harvard.edu/abs/2011arXiv1111.6585B )
has shown that the Milky Way’s stellar disk looks very simple, if one only considers stars of
a given chemical-abundances (‘'mono-abundance’ sub-populations): both the spatial distri-
bution (single exponentials in the z and R direction) and the kinematics (isothermal) are as
simple as one can envision them. The seeming complexity of the MW disk arises, because
there are stars of many different abundances (quantified, e.g. by [a/Fe| and [Fe/H]) and the
disk looks differently (simple) for stars in each ([or/Fe] and [Fe/H]) bin.
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Where it gets interesting is that the so-called abundance a-enhancement, the ratio of
nuclear fusion products from rapidly exploding SN II to those from SN Ia, constitutes an
abundance-clock, in the sense that more a-enhanced stars were formed earlier. On that
basis, we could just show that a-older stars are more centrally concentrated than a-younger
stars: i.e we have direct evidence that the Milky Way’s disk grew inside out.

Now, here is where the PhD project comes in: wouldn’t it be nice to make mono-age
pictures of the Milky Way’s stars rather than only mono-abundance images? That would be
the first step do directly and empirically ’see’ the Milky Way grow over time. The goal of the
project is to take a first stab at that. There are various approaches to do this, and I'll sketch
out two aspects below. I firmly believe that a PhD project should not be an end-to-end
worked-out project set out by the advisor, but that shaping the project by the PhD student
is central. Therefore initial directions can be spelled out for the first one or two papers, and
then we’ll re-define where this takes us.

3.1. Main Direction: Can we make a geometric/dynamical map of the Milky
Way in ’red clump’ stars, which tend to be ~ 1 Gyrs old?

Red clump stars (see attached Figure) are very useful: they are bright and have a very
well-defined absolute luminosity. 'Bright’ means we can get good spectra to great distances;
the well known absolute luminosity means we get a good (photometric) distance from their
apparent magnitude. This makes them an excellent way to trace the Milky Way’s rotation
curve from their radial velocities. Even more importantly, 'red clump stars’ are a stellar phase
when stars of a certain mass return from the ’giant branch’; hence, they occur foremost in
stellar populations where the main sequence turn-off mass (which sends stars to the giant
branch, and then to the red clump) has that particular red clump mass’. Hence, red clump
stars have a high probability of being ~ 1 Gyrs (£ factor 1.5) old.

So, then what might want to do is:

o Identify large samples of 'red clump stars’ throughout the Milky Way’s disk. How to do
that? The first idea would be to go to the new large surveys at MPIA (e.g. PS1) and
to pick them by color (ms55 —mg14 = 0.95; see Figure). However, in the Milky Way we
don’t know the distance of the stars (before Gaia in 2015), so a star of msss — mgiq =
0.95 could in principle also main sequence stars that is 6 magnitude fainter in absolute
luminosity. It would have to be 15-times closer to appear equally bright. Such very
nearby stars should have far greater angular motion (proper motions). The idea is
to find the stars of the right color, but with small angular motions (because they are
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more luminous and hence more distant). This approach has been tried in other context,
but not in the context of the PanSTARRS]1 data, a far larger survey than undertaken
before. With it, we could identify enormous samples of such stars.

e Once we have a sample of candidate 'red clump stars’, how do we get their distances,
and metallicities? The first idea would be to pick them by color (mss5 — mgi4 = 0.95,
see Figure). However, in the Milky Way we don’t know the distance of the stars
(before Gaia in 2015), so a star of mss5 — mgia = 0.95 could in principle also main
sequence stars that is 6 magnitude fainter in absolute luminosity. It would have to
be 15-times closer to appear equally bright. Such very nearby stars should have far
greater angular motion (proper motions). The idea is to find the stars of the right
color, but with small angular motions (because they are more luminous and hence
more distant). This approach has been tried in other context, but not in the context
of the PanSTARRS1 data, a far larger survey than undertaken before. With it, we
could identify enormous samples of such stars. Of course, once we know they are red
clump stars’, we get their distances well, because we know their absolute luminosities
(see Figure). Getting metallicities, might work on the basis of their colors, perhaps it
needs spectroscopic follow-up.

e Once we have their distances, we can get two of their three space motions through
proper motions. Then we can do dynamics: on what orbits do these stars move?

e Analysis aspects entail: what is the radial profiles of these stars, is it more extended
than the older stars? What is the vertical velocity dispersion of the stars, i.e. how
much heating has happened over the first Gyr? How close to circular are the orbits on
which stars move? How does that compare to the present-day orbits of the gas from
which stars form?

What is the 'character’ of such project? Basically, those surveys mentioned above
produce vast 'catalogs’ that have set of observables (and their errors) for long lists of stars.
The task is then to use a combination of existing software to query those catalogs and then
develop and implement (i.e. write code) tools to do the analysis. If we end up doing follow-
up observations, we might do data reduction. Alternatively, the project can be taken much
more into a direction of dynamical modeling, whiteout getting your hands ’dirty’ on data.
One direction could be a model for all disk stars in the Milky Way of stars that are 1Gyrs old.
At any rate, a considerable amount of modeling and of casting the estimates of quantities
into a Bayesian framework will be needed.

Of course this can then lead in many directions, one of them is to think ahead to the
GATA mission, when this project can be taken to a much farther level.
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3.2. Possible future direction: For how many stars will GAIA get ’good ages’?

As stars are equilibrium systems, it is not easy to get their ages. E.g. stars like the
Sun will sit on the main sequence for nearly 10 billion years, changing their properties only
slightly. Yet, for reconstructing the formation history of our galaxy, age is as elementary
a parameter as it gets. Fortunately, there are particular stellar phases, where the age can
be determined well. This is illustrated in he attached Figure. It shows a simple stellar
population in a star cluster (in the Magellanic Cloud in this case). l.e. all stars have the
same age and chemical composition, but they differ in their mass. Of particular interest are
the stars on the so-called sub-giant branch (see Figure caption). Why? We know that they
have just turned off the main sequence and that they were MS stars of the same luminosity
just a short while before. If we have (from GAIA) precise parallax distances to those stars,
we have their precise luminosities. For a given (known) metallicity, we however know exactly
the main sequence of such stars. So, if we know a star is on the sub-giant branch, and if we
have its luminosity, we get its age.

Goal of the project is to estimate for how many stars and over what volume GAIA can
do that? Steps: Figure out which fraction of stars of a population of age ¢ is on the sub-giant
branch (this is on the basis of existing ’isochrones’). How much does the sub-giant branch
luminosity vary with the age of the stars? This tells us how a luminosity error translates
into an age error. Figure out to what distance GAIA can get good enough parallax distances
(this is a function of the distance and of the luminosity of the star). Turn all of this into a
statement: We can expect to get ages to 10% for X stars in the age range Y within a volume
Z. Then we can evaluate how useful the measurements will be do get the age structure of

the Milky Way.
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Fig. 1.— 'Color-magnitude diagram’ of stars in a star cluster in the Magellanic cloud. All
stars in the cluster have the same age and chemical composition, but they differ in their stellar
masses. Color is on the X-axis, with redder/cooler stars on the right; flux (=luminosity at a
given distance) is on the Y-axis, with more luminous stars at the top. Most stars are on the
main sequence, fainter than ymsss > 22; stars more luminous (and more massive) than the
‘main sequence turn-off’ have already evolved off the main sequence, first on the ’sub-giant
branch’ (mss5 = 21.5 and 0.7 < mss5 — mgi4 < 1) and then up the giant branch (extending
to mss5 = 17 and mss5 — mg14 = 1.4, and then to the 'red clump’ (the concentration of stars
at mss; = 19 and msss — mg14 = 0.95). The cluster has an age of ~ 1Gyr, an age at which
the 'red clump’ is prominent.



