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Co-evolution of galaxies and globular cluster systems
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Globulor Cluster System Mass (solar masses)

A tight, linear correlation between the total GC mass and
the halo mass of their host galaxy suggests the formation
of GCs follows the halo assembly history.

GCs in general have low metallicity, but they are not
absent of metals. Instead, GCs show a broad range of
metallicity. Metal-rich subpopulation has metallicity e.g. Spitler&Forbes+09; Harris+15

similar to their host galaxies at low-z. e.g. Harris+99 See Soren Larsen’s talk



“Resolved” star cluster formation in galaxy formation simulations

e.g. Lahen+19,20

e.g. Li+17,18,19 e.g. Renaud+14, Kim+18, Ma+20, Li+22
Milky Way-sized galaxies with 3-6 pc spatial GRIFFIN project
resolution. Star clusters as unite of star fnz/lr?/vg/slfs’rcgfssaar’zieclr:ssﬁIr:/tee(inbayl |dealized dwarf merger
formation. ye P ' Structure of YMCs is resolved

structure of the clusters are not
well-resolved.

Resolve the time-evolution of accretion
history of each cluster particles. Feedback

regulation.

down to softening 0.1pc.

See Mike Grudic and Francesco Calura’s talk



Limitations of the high-res simulations

* High-res (cosmological) simulations are exceptionally expensive.

* These simulations are not able to resolve a large population of clusters in
different types of galaxies.

* Long term dynamical evolution of these clusters cannot be followed because of
the collisionless nature of the gravity solver.



Modeling GC populations in a cosmological context
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e.g. Pfeffer+18, Kruijssen+19

Based on merger trees of dark matter
halos from cosmological N-body
simulations. Empirical relations between
halo mass, galaxy stellar/gas mass,
metallicity, etc. are used for GC sampling.

Tagging GCs onto star/DM particles using
existing cosmological simulations.
GCs are sampled based on physics-

motivated models or phase-space info of
the particles.

Ramos-Almendares+20

e.g. Muratov&Gnedin10; Li&Gnedin14, Choksi,Gnedin&Li18, Choksi+19



Where do most massive clusters/clumps form?

From the splinter group discussion in week 3:
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High gas surface density

High star formation rate surface density
Major mergers / violent accretion
Highly compressive turbulence

etc...

e.g. Ceverino+14, Renaud+15,
Li+17,18,22, Kim+18, Lahen+20, Ma+20

See Oscar Agertz and Avishai Dekel’s talk



GC formation: a physically-motivated approach

- Local gas properties of a given particle in the
simulations (density, metallicity, pressure)

- Estimate cluster formation efficiency

- Estimate the shape cluster mass function

- Sample GCs based on the above relations

e.g. Pfeffer+18




A lazy man’s approach

Only two model parameters

Mgc = 1.8 X l()_'l@/\//g GCS rate scales with cold gas mass

Mpr»—Mp, 1 GC form when halo is actively

ty — 1 /Wh.l ¢ growing (often due to mergers)

Cluster formation is triggered if R, >

Li&Gnedin14, Choksi,Gnedin&Li18, Choksi+19



Metallicity bimodality of GCs in the MW
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Blue clusters are formed from a collective of major merger To reproduce observed metallicity distribution, GC formation
events at high-z; while red clusters are formed from rare low-z  cannot simply follow star formation history, but requires

merger events depends strongly on the halo assembly history.  special conditions.
Li&Gnedin14



Halo mass — GC metallicity relations
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Age-metallicity distribution of GCs
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Linear relationship between halo mass and GC system mass
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Globular Cluster System Mass (solar masses)




Halo mass — GC system mass relation B et

Fit 1o B&F20
Median M, M|

11.5
|
fiducial model 10

Valenzuela+21

Centrals z =0

Choksi, Gnedin & Li 18

El-Badry+19

Bastian+20



Evolution of the halo mass— GC system mass relation

Mgcs/ Moy

z =0 (age > 0 Gyr)
z =10 (age > 6 Gyr)

10|12 10Il3 1014
Moy [Mg)

Bastian+20
Choksi+19 The near linear relationship appears not only for GC systems at z=0, but
also for high-z. The normalization of the relationship, however, increases

as the models move to higher-z.




Specific frequency of GCs in different galaxies

Stellar Mass [M ]
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e.g. Behroozi+14 Choksi+19

The “U” shape in T_N is just the combination of the linear GC mass-halo mass relation
PLUS the stellar mass-halo mass relations



In-situ vs. accreted GCs in different halos
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In-situ GCs dominate the GC population for halos < 1e13 Msun. In-situ GC mean metallicity increases strongly with halo masses
Larger fraction of accreted GCs contributes to the total GC following the mass metallicity relation of the main galaxies.
populations for more massive halos. Accreted GC dilutes the mean metallicity for massive halos.



Spatial distribution of surviving GCs
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- The power law slope of the spatial
distribution of GCs becomes shallower for
more massive galaxies.

- As a consequence, the effective radius of
the GC population increases with galaxy
mass.

- The power-law slopes and effective radii of
the radial profiles of the GC populations are
good tracers of the structural properties of
the DM haloes.

Reina-Campos+22



Nuclear Star Clusters

The formation of the nuclei of galaxies. |. M31.

Show affiliations
Tremaine, S. D.; Ostriker, J. P.; Spitzer, L., Jr.

Globular clusters passing near the center of M31 interact with the background stars through dynamical friction and spiral
toward the center of the galaxy where they are tidally disrupted by interactions with the growing nucleus. This process will
result in the formation of a high-density central nucleus of a mass roughly 50 million times the solar mass in 100 billion
years. The mechanism outlined accounts for the development of massive nuclei within which stellar collisions and other

exotic phenomena might possibly occur. The data derived from numerical calculations are consistent with Stratoscope
balloon observations of the M31 nucleus.

Publication: Astrophysical Journal, Vol. 196, p. 407-411 (1975)
Pub Date: March 1975

DOI: 10.1086/153422 ('

Bibcode: 1975ApJ...196..407T

Keywords: Andromeda Galaxy; Astronomical Models; Galactic Evolution; Galactic Nuclei;
Globular Clusters; Stellar Motions; Balloon Sounding; Galactic Structure; Luminous Intensity;
Monte Carlo Method; Numerical Analysis; Spiral Galaxies; Star Distribution; Astrophysics

Neumayer et al. 2020 A&ARv




Spatial distribution of GCs under dynamical friction

- Spatial distribution of surviving
GCs at z=0 matches the observed
MW shape.

- GCs formed within 2-3 kpc are
strongly affected by dynamical
friction and therefore a large
fraction of GCs are sink into the
central regions and disrupted
along the way.

- The results are not sensitive to
the choice of the initial Sersic
index used for sampling the initial
GC position.

Gao & Liin prep.



Assembly of NSCs depends strongly on the halo assembly history
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Millisecond pulsars in the NSC is enough to explain the observed
gamma-ray excess at Galactic center!
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Realistic galactic environments set the disruption in all evolutionary stages
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Realistic galactic environments provide a complicated tidal disruption
histories, including GMC encounters, disk shocks, bulge shocks, etc. To

resolve all these components accurately requires a detailed modeling
of the cold/clumpy ISM.

Li+22

Tidal strength is stronger for more massive clusters
in the early stage (~50 Myr).



Resolution, ISM physics, and initial configuration of YMCs
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