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1 Summary (up to one page)

With the Gaia launch next year, we proposed a workshop – Gaia Challenge – aimed at improving our mass
modelling methods from Jeans modelling and distribution function modelling to Schwarzschild modelling,
M2M and others. We were fortunate enough to receive ESF GREAT funding for this workshop of e 5000
of which we have received e 4000 so far. This was later was revised to e 8000. We used a portion of this
money (∼ e 2000) to fully fund the registration fee for five participants who would otherwise be unable to
participate. The rest was used to generally subsidise the meeting. We had some 59 participants from all over
the world spanning a wide range of astrophysics communities from observers working on dense stellar systems
to cosmological simulators. All were brought together by a shared interest in exploiting the forthcoming Gaia
data to understand our Galaxy and its constituents.

The workshop revolved around a series of test problems (mock data) posted online in advance1. We divided
activities into four main working groups:

1. Spherical & Triaxial (P.I. Read)

2. Discs (P.I. Kawata)

3. Streams & Halo Stars (P.I. A. Font)

4. Collisional/Star Clusters (P.I. Gieles)

Attendees were invited to apply their favourite methods to these mock data to recover the underlying gravita-
tional potential and/or phase space distribution function. Building dynamically realistic mocks meant bringing
together N -body simulators, dynamicists and the stellar population synthesis and dust extinction community. A
key goal of this workshop – in addition to improving mass modelling techniques – was to facilitate the exchange
of expertise between these communities and to foster longer term collaborations.

Several exciting new results already came out of the meeting. Key highlights include: (i) standard mass
modelling techniques that assume spherical symmetry can be reasonably applied to triaxial models provided
that we are not ‘staring down the barrel’; (ii) for 1D disc models, it is sampling that is all important; (iii) a
single globular cluster stream – given good enough data – can give tight constraints on the halo mass and shape
(and several very different techniques look capable of doing exactly this); and (iv) simple distribution functions
give an excellent fit to collisional star clusters, but which one depends very much on how tidally limited the
cluster is. Each of these key results has potentially far-reaching implications: for measuring the dark matter
distribution in dwarfs; for measuring the local dark matter density near the Sun; for probing alternative gravity
models and cosmology; and for hunting for intermediate mass black holes (see §3 for further details).

The workshop was extremely well received by all involved and we hope to run Gaia Challenge-II in Heidel-
berg next year. The goal is to have a meeting ∼ every year up to final Gaia data release building mocks of ever

1See http://astrowiki.ph.surrey.ac.uk/dokuwiki/.
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Distribution function Jeans

Figure 1: Preliminary results for modelling a triaxial mock dwarf galaxy. The panels shows the 68% (dotted) and
95% (dashed) confidence interval for the recovered mass density of a triaxial dwarf viewed along an intermediate axis.
The red/green (left) and thick black (right) lines show the input model. The left panel shows results using a spherical
distribution function method (Wilkinson et al. in prep.); the right using a spherical Jeans method (Walker et al. in prep.).
In both cases a simple parameterised form is assumed for the underlying mass distribution. Notice that despite an incorrect
assumption of spherical symmetry, the recovery is very good in both cases. The recovery is not good if the triaxial system
is viewed ‘down the barrel’ (not shown), leading to the perhaps counter-intuitive result that dwarfs that look spherical are
most likely to be strongly biased when applying spherical models.

increasing realism and sophistication. Only by honing our methods on these mock data, will we truly become
ready for the ‘Gaia Challenge’.

2 Scientific content and discussions (up to four pages)

As mentioned above, the workshop was split into four main working groups. We deliberately arranged the
program to give participants significant time to work in separate breakout rooms on the test problems, coming
together to share progress and ideas between groups at least twice per day. Many participants moved freely
between groups and a key result of the workshop was the cross-pollination of ideas between normally disparate
communities. For example, many tools and techniques routinely employed for mass modelling dwarf galaxies
were new to the field of star clusters; work began at the workshop to try out dwarf modellers on the mock star
cluster data. I now discuss the scientific content of each working group in more detail.

2.1 Spherical & Triaxial (P.I. Read)

These mock data were designed to mimic spherical/triaxial collisionless stellar systems (e.g. dwarf galaxies
and giant elliptical galaxies). Key questions included: (i) What quality of data are required to determine the
mass profile? (ii) How can we best break the degeneracy between velocity anisotropy and mass? (iii) How
badly do we do if we assume spherical symmetry but the galaxy is actually triaxial?

For this working group, a significant amount of mock data were posted in advance. The first task was to
pare this down to a manageable number of standardised mocks. This led to the development of a Default Mock
Data Suite. This has 12 spherical mocks that test the ability of a method to recover the gravitational potential
for cusped and cored light profiles, cusped and cored mass profiles and different velocity anisotropy (isotropic,
radial and tangential); triaxial mocks; and (to be added) some tidally stripped mocks. The application of several
mass modelling methods to these data will be published over the next year in the first Gaia Challenge paper.
Some preliminary results are shown in Figure 1. Despite an incorrect assumption of spherical symmetry, the
recovery is very good for both the distribution function method (left; Wilkinson et al. in prep.) and the Jeans
method (right; Walker et al. in prep.). The recovery is not good if the triaxial system is viewed ‘down the barrel’
(not shown), leading to the perhaps counter-intuitive result that dwarfs that look spherical are most likely to be
strongly biased when applying spherical models! John Magorrian also showed some very encouraging results
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for a brand new mass modelling technique that he has recently proposed2. This new method had some problems
with the parameter initialisation at the start of the workshop, but was already producing exciting results for the
Default Spherical Mock Data Suite by the end of the week.

2.2 Discs (P.I. Kawata)

These mock data were designed to mimic the Milky Way disc – both locally (i.e. near the Sun) and globally.
Key questions included, for the local problem: (i) What quality of data are required to determine the local
dark matter density? (ii) Do multiple populations (e.g. split by abundance/age) help? (iii) Is 1D modelling
sufficient? And for the global problem: (i) Can global models simultaneously recover the disc phase space
distribution function and the gravitational potential? (ii) What are the key degeneracies in the problem and how
can these be broken?

2.2.1 Determining the local disc potential near the Sun

For the local problem, J. I. Read set up some 1D data using a distribution function assumed to be perfectly
separable so that: f ≡ f(Ez), where Ez = 1

2v
2
z + Φ(z) is the vertical energy. These 1D mocks were set up to

be ‘as good as it gets’ in that they imagine perfect error-free 1D data with no coupling between the radial and
vertical motions3. Results from applying a 1D Jeans method to the full mock suite are shown in Figure 2. These
tests will be published as part of a review article on ‘The Local Dark Matter Density’ by J. I. Read (Journal of
Physics G) later this year. The recovery in every case is good (compare the input model blue lines with the 68%
(dotted) and 95% (dashed) confidence intervals. But what is striking is the role of data versus prior. Without
any prior, n∗ = 1000 tracers give a very large error on the surface density Σz(z) at all heights. Adding a ‘Rot’
prior that constrains the dark matter contribution by wrapping in constraints from the rotation curve assuming
spherical symmetry (b), the errors shrink a little. Adding a ‘Scale’ prior that constrains the visible disc gives
much tighter errors at low z, but large errors at high z remain (c). Combining these two priors tightens the
errors to ∼ 10% (d). The same order of magnitude of error is achieved by increasing the sampling to n∗ = 104

stars (similar to what is currently possible using SDSS data; e), in which case no prior is required. Panels f) -
h) show that population splitting, or going to large height above the disc do not necessarily yield significantly
improved constraints. It seems that in a world with perfect data, perhaps unsurprisingly, it is the sampling n∗
that is all important.

2.2.2 Determining the global Milky Way potential

The rest of the focus for the week was on recovering the global potential of the Milky Way in some large
volume around the Sun. Several mock data sets were provided from analytic distribution functions and N -
body models using either analytic (McMillan, Figueras, Romero-Gomez) or fully self-consistent (Hunt, Read,
Debattista) gravitational potentials, as detailed on the wiki site4. Painting ‘red clump’ stars on these mock data
and including realistic Gaia errors was also initiated. Some groups were interested in recovering the potential
from these data; others in recovering the pattern speed of the bar, demonstrating the versatility of such mock
data. Highlights include Jo Bovy successfully recovering the vertical force Kz at 1.1 kpc from featureless
disc data (a pre-cursor to the more difficult problem of perturbed discs with a bar/spiral arms and/or warp).
Chemic also successfully recovered the rotation curve of an N -body disc assuming perfect data. On the bar
pattern speed side there was also much activity. Monari recovered the pattern speed of test particle data by
identifying an outer Lindblad resonance feature; Chemin recovered the bar and spiral arm feature using the
Tremaine-Weinberg method (assuming perfect data); Pfenniger recovered the bar and spiral pattern speed with
Fourier decomposition and moment of inertia (both with and without errors) from a simple test particle model;
Hunt recovered the bar pattern speed using Made-to-Measure modelling; and Long presented their recovery of
the bar pattern speed and position of the Milky Way from BRAVA data. The hope is to streamline these data,
collate the results and write this up as either one or two publications over the next year.

2See http://astrowiki.ph.surrey.ac.uk/dokuwiki/lib/exe/fetch.php?media=workshop:magog.pdf and here.
3See http://astrowiki.ph.surrey.ac.uk/dokuwiki/doku.php?id=discs.
4See: http://astrowiki.ph.surrey.ac.uk/dokuwiki/doku.php?id=discs.
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Figure 2: 1D mock data tests of the recovery of the disc surface mass density Σz(z). The solid, dotted and dashed lines
show the median, 68% and 95% confidence intervals for 250,000 models sampled with an MCMC. The blue line shows
the input model. The mock data are ‘as good as it gets’ in that I assume no observational errors; zero tilt and rotation
curve terms; and perfect self-consistent tracer stars. Panels a) - d) explore the effect of increasingly strong model priors
(as marked) for n∗ = 103 tracers from a Simple exponential tracer model. Panel e) shows results for 104 tracers; and f)
the same split into two populations (Simple and Simple2 – both exponentials with different scale heights). Finally, panels
g) and h) explore results for just 500 tracers high above the disc plane (the ‘High’ mock data set). These tests will be
published as part of a review article on ‘The Local Dark Matter Density’ by J. I. Read (Journal of Physics G) later this
year.
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2.3 Streams & Halo Stars (P.I. A. Font)

These mock data were designed to mimic cold/hot streams in the Milky Way halo and the halo star population.
Key questions included: (i) What can we learn about the gravitational potential from such cold streams or
halo stars? (ii) Can we find clear evidence for triaxiality? (iii) Can we find any evidence for granularity or
substructure in the potential?

Most activity in this group ranged around recovering the Galactic potential using stellar stream data. An
impressive six mock data suites were posted. Seven different methodologies were applied to these data, fo-
cusing on a test suite designed to mimic the Palomar 5 (Pal 5) globular cluster stream around the Milky Way.
Some preliminary results for four different methods are shown in Figure 3. This test is a starting point for more
difficult/sophisticated tests and starts out also in the spirit of ‘as good as it gets’ with perfect error free data in
a simple Logarithmic halo:

Φ =
V 2
c

2
log

(
R2 +

z2

q2

)
(1)

Most participants fixed this simple potential also in the recovery, attempting to recover just Vc (or equivalently
the halo mass) and qz . As can be seen from Figure 3, all methods obtain the correct answer within their quoted
uncertainties but some are more accurate than others. Some of this comes down to how much freedom was
allowed in the fitted gravitational potential, but it is clear that some methods – for this particular problem –
perform better than others. It remains to be seen how this will change as more realistic data with errors is
employed with more complex gravitational potential functions, and potentially multiple streams being simulta-
neously fit together. It is encouraging though as it suggests that stream data really will tell us about the shape
of the Galactic dark matter halo.

2.4 Collisional/Star Clusters (P.I. Gieles)

These mock data are designed to mimic collisional systems like star/globular clusters. Key questions included:
(i) What is the role of mass segregation in the models? (ii) What is the role of tides? (iii) What is the role of
rotation?

A number of mock data tests were posted on the wiki5. The first considered a single mass N -body cluster
evolved until dissolution in a tidal field. The goal was to see what type of distribution function can reasonably
represent a post-core collapse cluster, and to look at how tides introduce tangential anisotropy at the cluster
edge. Some preliminary results are shown in Figure 4. The isotropic King model (often employed in the
literature) gave a poor fit to the compact high mass cluster (left), but an excellent fit to the tidally limited cluster
at late stages of evolution (right). The radially anisotropic fν models – designed to describe the outcome of
incomplete violent relaxation in galaxy mergers – gave a surprisingly excellent description of the compact
cluster (left). At the same time, it failed to reproduce the tidally limited case at late stages (right).

The working group went on to also consider models with stellar evolution and/or mass segregation. The
hope is that a streamlined test suite with some core tests will be published over the next year. Note that –
amazingly – this is really the first time that such distribution functions have been confronted with collisional
N -body models. There is much yet to be learned, in particular in forming useful priors about which distribution
functions are best employed in which situations. Ultimately, this will allow us to build more accurate and
faithful models of star clusters in and around the Milky Way addressing such issues as the possible presence of
intermediate mass black holes, and understanding an important phase of star formation (globular clusters) most
likely responsible for a large fraction of the stellar feedback experienced by our Galaxy over its lifetime.

3 Assessment of the results and impact of the event on the future directions of
the field (up to two pages)

Each of the four working groups has already uncovered new and interesting results, simply by confronting
standard mass modelling techniques with ‘perfect data’. The spherical/triaxial group have tested a brand new
method for mass modelling stellar systems and found that it shows promise (Magorrian); they have also shown

5See http://astrowiki.ph.surrey.ac.uk/dokuwiki/doku.php?id=collision.
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Figure 3: Results for the recovery of Vc (or equivalently the halo mass) and the flattening qz for Pal-5 like globular
cluster stream in a Logarithmic halo assuming perfect error-free data, using four different methods as marked (Action-
Angle; Sanders, Streakline; Küpper/Bonaca; Orbit-rewinder; Price-Whelan, and Entropy; Penarrubia). The correct answer
is marked by the solid black/red circles.

Compact high mass GC Tidally limited GC

Figure 4: Results comparing a simple isotropic King distribution function (solid) and fν model (dotted) to an N -body
single mass star cluster evolving in a tidal field (red circles). The left panel shows a compact high mass GC; the right a
lower mass more extended GC at late times that has become tidally limited.
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that standard techniques that assume spherical symmetry (assuming current sample sizes) can be reasonably
applied to triaxial models provided that we are not ‘staring down the barrel’. This is good news. The increased
complexity of triaxial models may only be necessary, paradoxically, if a dwarf appears spherical on the sky.
Any dwarf with such an orientation (there are none so far) could simply be discarded from a statistical study.
The disc group have shown that for 1D models, it is sampling that is all important – something that will increase
by orders of magnitude once the Gaia data becomes available, holding out the promise of precision measures
of the matter density near the Sun. For global models, current methods perform well on undisturbed discs but
work is on-going looking a more complex and realistic scenarios that include spiral arms, a bar, and a warp.
The halo/streams group have shown that a single globular cluster stream – given good enough data – can give
tight constraints on the halo mass and shape. Furthermore, there are now many new and exciting methods in
the literature that appear to work. Which of these is most promising when applied to real data remains to be
tested, but most likely they will continue to all have their strengths and weaknesses. It can only be a good thing
if we have multiple methodologies with which to inter-compare our results – especially if we uncover evidence
for something exciting like a triaxial Milky Way halo. Finally, the collisional group are performing detailed
tests using N -body mock data for the first time. With the promise of proper motion and radial velocity data
for nearby star clusters from Gaia, the time is ripe to re-asses model systematics. These tiny star clusters could
hold the clue to several important problems in modern astrophysics, if we can get the mass modelling right:
What is the link (if any) between stellar and supermassive black holes? And, what do old star clusters tell us
about the tidal field of their host Galaxy – can this tell us about mass or even the mass evolution of our Galaxy?

The Gaia Challenge website is now open as a lasting community resource. We hope and indeed commit to
develop and expand on the existing mock data tests there. At Gaia Challenge-II – already in planning – we hope
to begin to add realistic observational errors, to test sample selection effects, and to wrap in dynamical nasties
like tidal forces, dynamical instabilities, and stellar evolution/mass segregation. It is an exciting time as we
ramp up to being fully prepared for the Gaia data. Such tests not only give us confidence in our methodologies,
they also help us to know how and where improvements are vital, and – which is most exciting – exactly what
kind of data we will need to answer key questions in astrophysics. This latter is perhaps the most exciting
aspect. Perhaps just a slightly deeper observation, the ‘right kind’ of stellar velocity data, or the ‘right sort’
of survey selection function can make all the difference – if only we could know. Our mock data suite will
enable us to ask and answer these kinds of question more easily than ever before, driving new and exciting
Gaia-related science.
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4 Annexes

4.1 Programme of the meeting

Please see pages appended to the end of this file.

4.2 Full list of speakers and participants
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2. Gerry Gilmore

3. Andreas Kpper

4. Paul McMillan

5. Hans Buist

6. Anna Lisa Varri
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9. Laura Watkins
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11. Shigeki Inoue

12. Justin Read

13. Mark Gieles

14. Daisuke Kawata

15. Jason Hunt

16. Alice Zocchi

17. Antonio Sollima

18. Thomas Richardson

19. Richard Parker

20. Michiel Cottaar

21. Giacomo Monari

22. Chervin Laporte

23. Malcolm Fairbairn

24. Andreea Font
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31. Raphael Errani
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34. Anthony Brown

35. Francesca Figueras

36. Santi Roca-Fbrega

37. Jason Sanders

38. Jo Bovy

39. Markus Weber

40. Rachel Kennedy

41. Ben Lowing

42. Daniele Fantin

43. Daniel Pfenniger
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45. Sanjib Sharma

46. Glenn van de Ven

47. Amina Helmi

48. Brad Gibson
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52. Nathan Deg
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