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Was versteht man unter

Relaxationszeit eines Sternsystems?

Wle grof3 ist der mittlere Abstand 2
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Mittlere Abstand in GC: 0,01 — 0,1 pc
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Wann wird ein Stern eingefangen ?
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Wie lange dauert dies bis zur Kollision?

Starke Ablenkung tritt nach der Zeit t ein, wenn ein
anderer Stern den Zylinder mit Radius r, kreuzt
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Kollisionszeit in einem Sternsystem
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=» Sterne in der galaktischen Scheibe mit V ~ 30 km/s

n ~ 0,1 pc kollidieren kaum im Leben der
Milchstralie = keine Gefahr flr Sonnensystem.

=>» Sterne In dicht gepackten Kugelsternhaufen mit
V ~ 30 km/s und n > 1000 pc- kollidieren haufig.

=» Das fuhrt zu einer zeitlichen Entwicklung der
Dichteverteilung im Kugelsternhaufen.




Relaxationszeit von Sternsystemen
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=» Auf Zeitskalen ktirzer als die Relaxationszeit t,
spielen individuelle Sterne keine Rolle in der
Entwicklung des Sternsystems, und die
Granularitat des Potenzials kann vernachlassigt
werden.

=>» Auf diesen Zeitskalen kann man daher die
Struktur des Sternhaufens durch eine statische
Vertellungsfunktion im 6D Phasenraum modellieren.
Die Entwicklung dieser Funktion wird durch

die stol3freie Boltzmann-Gleichung beschrieben.
=> Auf langen Zeitskalen gibt es jedoch kein
statisches Gleichgewicht. Die Langzeitentwicklung
eines Sternhaufens wird durch 2-Korper-Stol3e
getrieben =» Core-Kollaps ....




Zeitentwicklung

Simulation

von Kugelsternhaufen

Hdufigkeits-
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Phasen Zeitentwicklung Kugelsternhaufen
aus Interpretation numerischer Simulation

=» Phase 0: Entstehung aus einem “Supersternhaufen”.

=>» Phase 1: Die Zentraldichte nimmt rapide ab innerhalb
einer Mrd. Jahren infolge Massenverlust durch die
massereichen Sterne, die sich vor allem im Zentrum
befinden (Massen-Segregation). Der Core-Radius
nimmt ebenfalls zu. =» Verlust an Gravitationsbindung
=» Expansion des Cores.

=» Phase 2: Dann folgt eine lineare Zunahme der Dichte
wahrend der Kontraktionsphase. Der Core kontrahiert
durch 2-Korper-Relaxation infolge Wechselwirkung
(d.h. kinetische Energie wird Iin gravitative
Bindungsenergie gepumpt).




Bildung von Kugelsternhaufen
nach Kruijssen, arXiv:1509.02163
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Diederik Kruijssen wins Christiaan Huygens Prize




Formation and evolution of star clusters
and their host galaxies

Over the history of the universe, galaxies
formed, interacted and merged into larger
galaxies. Within them, gravitationally un-
stable giant molecular clouds continuously
formed young stellar clusters. Most of these
clusters were disrupted by the tidal inter-
action with their galactic environment, but
some of them survived. The surviving star
clusters bear the traces of the evolution of
their host galaxy. By considering the for-
mation and evolution of star clusters in the
context of their galactic environment, we
can eventually reveal the co-evolution of
star clusters and galaxies.

Ue SI3JSN[D Je3S JO UOQN[OAD PUe UOHEULIO]

The thesis showed that the formationg . ’
and evolution of star clusters are not % ~
as simple as previously thought. In 2
addition, it provides a physical Ef
framework to interpret the properties’
of star cluster populations and in
particular the old globular cluste
that were formed in young galai
shortly after the Big Ban
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Mayall II, auch bekannt als
G1, ist ein Kugelsternhaufen
in der Andromeda-Galaxie.
Er befindet sich in einer
Entfernung von 130.000
Lichtjahren vom Zentrum
der Andromeda-Galaxie und
1st rund 2,5 Millionen
Lichtjahre von der Erde
entfernt. Er ist der (absolut)
hellste Kugelsternhaufen in
der Lokalen Gruppe. Seine
scheinbare Helligkeit betragt
+13,81 mag. G1 hat die
doppelte Masse von
Omega Centauri.
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PAndAS
Durchmusterung

PAndAS (= Pan-
Andromeda
Archeological
Survey) fiihrte
eine umfangreiche
Durchmusterung
der Andromeda-
Galaxie und ihrer
Umgebung durch.
Die Durch-
musterung ergab
sechs verschiedene
Sternstrome.
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PAndAS
Durchmusterung

PAndAS (= Pan-
Andromeda
Archeological
Survey) fuhrte
eine umfangreiche
Durchmusterung
der Andromeda-
Galaxie und ihrer
Umgebung durch.
Die Durch-
musterung ergab
viele neue Kugel-
sternhaufen

(GCNr).
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THE OUTER HALO GLOBWLAR CLUSTER
SYSTEM OF M31: CLUES TO GALAXY
FORMA]
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PAN-ANDROMEDA ARCHAEOLOGICAL SURVEY (PANDAS)

PANndAS: The largest continuous resolved stellar populations survey of
an external galaxy, mapping M31 and the lesser companion M33.
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CRUDE METAL-POOR MAP: THE PANDAS COLLABORATION

Instrument: CFHT/MegaCam.

The survey comprised ~400
distinct pointings, covering ~380
deg?, extending out to a projected
radius of ~150 kpc.

Observations are in two optical
bands: g (depth ~25.5) and i (depth
~24.5).

Typical S/N of 10.

Data pre-processed by with the
Elixir pipeline, with further
processing done by the Cambridge
Astronomy Survey Unit.




PANDAS RESULTS: RESOLVED STELLAR HALO

The M31 stellar halo is dominated by various tidal stellar streams, thought to be the
remnants of accreted dwarf galaxies. It appears that M31 had a rich accretion history.
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Photometric metallicities,
| assuming stars are 13 Gyr old,
d with [a/Fe] = 0. The applied
isochrones are from Dotter et al.
2008, ApJS, 178, 89.

The higher metallicity halo is
dominated by the Giant Stellar
Stream (Ibata et al. 2001, Nature,
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The lower metallicity halo
§ component comprises many
prominent substructures.

7 {degrees)

-150 -100

" cliowion | IBATA ET AL. 2014, MNRAS, 780, 128



__ PANDAS RESULTS: GLOBULAR CLUSTERS

PANdAS facilitated the search for GCs in the outer halo of M31. Using this excellent data
set resulted in the discovery of 59 new GCs (Huxor et al. 2014, MNRAS, 442, 2165).

Search was conducted by visual
inspection of the entire PAndAS
footprint by A. Huxor (some regions
were re-examined by D. Mackey and
J. Veljanoski)

An automated algorithm, originally
designed to search for dwarf galaxies
and stellar over-densities was also
applied (Martin et al. 2013, Apd, 776,
80).

The GC search is complete down to
My = -6.0, and 50% complete down
to Mv = —4.1



ACCRETION ORIGIN FOR THE HALO GCS?

About 80% of the halo GCs are found to project onto stellar over-densities. Probability of a
such configuration occurring by chance is <1% (Mackey et al. 2010, ApjL 717, 11). The
luminosity distribution also provides a tentative support.
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KINEMATICS OF THE M31 OUTER HALO GCS |

The discrete GC groups pro;ectlng on the most Iumlnous halo streams eXthIt

clear kinematic patterns, supporting the accretion hypothesis. Monte Carlo tests
show that this is a non-random behaviour.
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SUMMARY

| hope that | have convinced you in the importance and usefulness of
studying the outer halo globular cluster system of M31.

* Measured radial velocities of 71 GCs in the true outer halo of M31;

- GCs that are projected onto tidal stellar streams are found to exhibit
various velocity correlation, reinforcing the accretion hypothesis;

* Detection of a significant degree of rotation, around the optical minor
axis of M31, same as the clusters in the inner regions;

- The GC velocity dispersion is found to be decreasing as a function of
projected radius, similarly as for the field star component;

* This is a particularly interesting system regarding dynamical modelling
and testing galaxy formation models.




The M31 Globular Cluster System
How alike are the GC systems of the Milky Way and M31?

Jean Brodie

o ’ . UCO/Lick Observatory
e ' UCSC

.. NGC 205

M32

(Mayall 1II)
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Substructure

(Ibata+2001: Merrett+2003: B
McConnachie+2009; _5
Mackey+2010)

See Mackey poster 0
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What we know now

333 M31 GC spectra
Caldwell+ 2011, Morrison+ 2011, Schiavon+ 2012,
Romanowsky+ 2012

4

e Wide range of metallicity (x100) comparable to MW Y
e Slightly higher (0.2 dex) mean metallicity, consistent with
GC metallicity — host galaxy L relation (Brodie & Huchra 1991) Y

e No dependence of metallicity on cluster L (no self enrichment) ¥

e M31 GC system rotates, most MR like a disk ¥

e Both MR and MP rotate at large radii ( ~ 60 km/s at >2 kpc)
similar to MW v

Wednesday, June 20, 12



Conclusions

M3l GC system is similar to MW’s

eSimilar range (x 100) in [Fe/H]
eSimilar (exclusively old) ages
Similar individual element abundance ratios
*No self-enrichment
*MR population traces build up of bulge
*MPGCs trace MP halo
— and offer the only way to study MP halos beyond the LG
*M/L declines with increasing metallicity (orthogonal to SSP model predictions)
— Shallow (I)MF — opposite to E galaxy results

M3l GC system is different from MW’s

*Slightly higher mean [Fe/H], but consistent with GC — host galaxy scaling relations
*M 31 is not obviously bimodal in [Fe/H] — different formation for MW and M3
*Hints of trimodality in M3 may indicate more complex accretion history

*Hosts faint extended clusters

*MW does not “play” Ngc—SMBH game, but M31 does

GCs are great tools for tracing the star formation
and assembly histories of galaxies !
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Zusammenfassung

Kugelsternhaufen sind die altesten Stern-
systeme einer Galaxie = t ~ 12 Mrd. a.

Materie ist nicht mehr ganz jungtraulich.

Distanzen folgen aus RR Lyrae-
Veranderlichen, Perioden ~ Stunden.

Altersbestimmung erfolgt uber Farben-
Helligkeitsdiagramm.

Massen folgen aus Helligkeitsprofilen
=» Jeans-Gleichung ist elementar.

Kugelsternhaufen der Andromeda ~ 450
sind in Sternstromen organisiert.




