Simon ‘Hanmer : OAWS Understan the, U
November 2016:." w.isii e ddimmain S avs e siad « Nl 10 el g




What is a “Globular Cluster” ? ... 47 Tucanae

 Anold (~13-8 Ga) close-
packed, gravitationally bound
association of 10?4 -1076 stars,
~100 lL.y. diameter, 1.0 L.y.
spacing ... Planets ?

« Absence of inter-stellar gas

« Single or multiple types and
ages of stars (int/ext gas/dust

« Stellar packing distributions
within clusters




What is a “Globular Cluster” ?

* Occurrence of globular clusters :
. M87 : 13,000 ! |

« Structure of globular clusters
« Range of stellar numbers => range in cluster size
« White dwarfs and neutron stars — 100/1
« Core-halo structure *
« Some clusters are “looser” than others ...

» Two flavours : collapsed core and non-collapsed core




What is a “Globular Cluster” ?

 Measurements : length scales and time scales

« Core (density), half-light and tidal (Roche) radii

* Crossing time : ~0.1-1 Ma @ ~10 km/sec according to
radius

- - * . L] L] -
« Relaxation time * : randomisation of stellar orbits (circ

/radial) by stellar gravitational interaction (2 and 3 body)
... ~0.1-1 Ga according to radius

-

 Relaxed cores with unrelaxed halos after ~13 Ga !

https://en.wikipedia.org/wiki/Globular cluster
ﬂ http://relativity.livingreviews.org/Articles/lrr-2013-4/articlese2.html




Where do globular clusters occur “?

The 119 globular clusters within 50,000 LY of the galactic centre

Galactic centric (galactic longitude and latitude)
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30 Diagram by Larry Mchlish

http://scienceblogs.com/startswithabang




Globular Clusters ... in the Fornax dwarf galaxy




Globular Clusters ... M15 (collapsed core)




Globular Clusters ... M54 (collapsed core




Globular Clusters ... NGC 6388 (collapsed core)




Globular Clusters ... M80 (collapsed core




Globular Clusters ... M4 (non-collapsed core)




Globular Clusters ... M10 (non-collapsed core




Globular Clusters ... M5 (non-collapsed core)




Globular Clusters ... M53 (non-collapsed core




Globular Clusters .. M13 (non-collapsed core)




Globular Clusters ... NGC 7006 (non-collapsed
core T




Globular Clusters ... NGCs 2808, 6362, 6388




Stellar evolution refresher ...

Surface Temperature (in degrees)
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Stellar evolution refresher ...
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What is a “Globular Cluster” ? ... revisited

« Types and ages of stars in clusters

* No interstellar gas ... no young stars (in theory)

« Milky Way : ~13-8 Ga ... as old as the galaxy (and the Universe!)
HOWEVER ...
« LMC & SMC : clusters are < 3 Ga
» Galactic mergers (e.g. Antennae) : clusters may be forming !

« Multiple compositions (metallicity), multiple generations of stars

13 7




Globular Clusters ... magnitude/colour diagram M55
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Blue Stragglers ...

* Young, hot, blue stars : what are they doing here ?

 Collision model ?

« Shedding gas model ?

« Stray gas model ?

« Other multiple stellar generations : a failed model
« Too many “polluted” stars : 50-100x N cf. other stars in cluster
« Requires lots of >massive stars that exploded within cluster

« Ratio requires stellar ejection — might work for Milky \Way,

but not Fornax Dwarf ... so not a general model
£2



Globular Clusters ... in the Milky Way galaxy (|




Globular Clusters ... in the Milky Way galaxy (lI)

M4 : Sco
M5 : Ser

M10 :
M13:
M30 :
M55 :
M8O0 :
NGC 288 : Scu
NGC 6388 : Sco
NGC 6752 : Pavo
Omega Centauri :
47 Tucanae :

Oph
Her
Cap
Sgr
Sco




Where do globular clusters occur ? ... revisited

Globular Cluster M4
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e Our Sun-

Globular clusters, represented
here as red dots, are the
oldest datable objects

in the universe.

Artist's conception of edge-on view of Milky Way
(100,000 light years)

http://www.spacetelescope.orq



Globular Clusters ... with collapsed cores
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Globular Clusters ... with non-collapsed cores
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How do globular clusters form ?

 We don’t know ... but there are hypotheses :

Early. intrinsi v formation.?

* but not a single event ... ~13-8 Ga - or younger !

« Super star clusters ?
 stellar winds + tidal stripping = mass loss
« contraction

« Late, captured as cores of dwarf galaxies ?
* Most low metallicity clusters aligned in a plane (MW)




How do globular clusters behave ?

Disk

 External orbital behaviour

* Clusters orbit randomly

around the host galaxy (+
retrograde)

* Buzzing of bees ...
* Clusters may interact
gravitationally with the

galactic disk

 “Hairy” outlines (tidal

radiiie or Raoche limit)
IFT'CAUTUWD VUVl |LIRNAYAY] B AY/ IIIIIII-/

http://pages.uoregon.edu/jimbrau/astr123-2011




How do globular clusters behave ?

M13

https://lwww.flickr.com/photos/68984892@N05/15124614479/in/album-
72157647811945156/




How do globular clusters behave ?

 Internal stellar behaviour (white dwarfs & neutron stars — 100/1)

No stable equilibrium for self-gravitating systems

Stellar spacing in very tight cores ~ Sun to Pluto

Stars interact gravitationally with each other, both individually

and at the scale of the cluster (gas analogue)

Stellar orbits = random with time (radial vs circular) : how ?
» Clusters do not rotate ... with exceptions ! (eg M13)

* https://www.spacetelescope.org/videos/heicO809h/

“Stars” migrate toward or away from the cluster centre

How ? ... and why don’t globular clusters then collapse ?



Why don’t globular clusters collapse ?

 Internal stellar behaviour (cont’d) : virial or force theorem

e Stars interact gravitationally (7=*) with each other individually

« Core collapse ( /gravokinetic instability/catastrophe) :
« “Solar analogue” : gravity vs “pressure” (thermodynamics)
« Equipotential* = > massive stars slow down (lo v) = core
« Equipotential = < massive stars speed up (hi v) = halo
« D cluster “relaxation™ " ... or even “evaporation”
* Hence : < orbital kinetic energy in core (now add gravity)

« > orbital kinetic energy in halo (slower core shrinks/speeds up)

%*

« = mass segregation then core collapse (runaway =

s catastrophe ?)




Why don’t globular clusters collapse ?

 Internal stellar behaviour (cont’d)

« Stars interact gravitationally with each other individually

« Binary star systems™ : dynamical “heating” in 3 body interaction
« Int/ext binary orbits contract : = energy (speed) to 3 star
« Binding energy, binary “hardness”, “spring analogy”
« “Harder” binary = more “spring”
 Tighter binaries transfer more energy to speed-up 3 star

« © slow/prevent deep core collapse (core bounce at g,




Why don’t globular clusters collapse ?

 Internal stellar behaviour (cont’d)

« Stars interact gravitationally with each other individually

« Binary star systems : dynamical “heating” in 3 body interaction

« Kinetic energy ~ “heat”

« Binary "burning” = > orbital speeds and > interactions in core
« i.e.>"heat” (gravothermal)
* ... butalso > dynamic binaries

 "heat”™ = core expansion = < density = < T

« “<T° ” = core collapse ...

« Core oscillation ? ... f(N) = f(mass distribution)
£2



Why don’t globular clusters collapse ?

« Core collapse

3 phases : pre-binary, binary-dominated, post-binary

1° binaries arrest core collapse = quasi-equilibrium

1° binaries exhausted = renewed core collapse (and halo

expansion)

Initial collapse, middle-age pause, main collapse, post-collapse
* Plus ejection (fast) and/or evaporation (very slow)

But the globular clusters are still there ! Why ?

2° tight binaries form = > core energy = cluster expansion !

Globular clusters may oscillate In size ... what are we looking at

today 2 http:/_/relatlwtv.I|V|nqrewews.orq/ArticIes/Irr-ZOlS-
4/articlese?2.html




M13

Ultimate fate ?

see S.G. Djorgovski in Sky & Telescope, October 1998

see https://astrosociety.org/pubs/mercury/9904/murphy.html




