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There are about 200 globular clusters in the Milky

Way

.'hu

The positions of the 146 known Galactic globular clusters (from Bill Harris's compilation )
on top of the COBE FIRAS 2.2 micron map of the Galaxy. Image credit: Brian Chaboye.
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Globular clusters are the oldest stellar systems in our

Galaxy

rn<10pc

Nstars~ 10°-1 06;

M < few x 106 Mo

Age ~11-13 Gyr

Top row: Messier 4 (ESO), Omega
Centauri (ESO), Messier 80 (Hubble)
Middle row: Messier 53 (Hubble),
NGC 6752 (Hubble), Messier 13
(Hubble)

Bottom row: Messier 4 (Hubble), NGC
288 (Hubble), 47 Tucanae (Hubble)
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Globular clusters evolve in the Galaxy and trace its
assembly history
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see Brodie & Strader, 2006
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Globular clusters evolve in the Galaxy and trace its
assembly history
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A AR e e AR TR
Globular cluster get disrupted while the orbit the

Galaxy

SO, Koposov, B, Efkal,: :
Ve;Belokurov:SDSS data . i -
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Globular cluster get disrupted while the orbit the
Galaxy

Odenkirchen and Grebel
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Globular cluster get
Galaxy

Odenkirchen and Grebel
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Globular cluster get
Galaxy

Odenkirchen and Grebel
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Globular cluster get
Galaxy

Odenkirchen and Grebel
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Globular cluster get disruptd while the orbit the

Galaxy o[
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Globular clusters were for long considered single
stellar populations
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http://groups.dfa.unipd.it/ESPG/GC.html

However, GCs host multiple stellar populations (e.g. Bedin et al. 2004, Gratton et al. 2004,
Piotto et al. 2007, Piotto 2009, Di Criscienzo et al 2011, Milone et al. 2011, Gratton et al.
2012).
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Globular clusters had a complex star formation, that is
not yet fully understood

19

magnitude

22 —

NGC2808
Piotto et al. -

! (2007)

1.5

color

Gratton et al. 2004; Carretta et al. 2007; Kayser et al.
2008; Carretta et al. 2009, 2010; Pancino et al. 2010;
Milone et al. 2010, 2012, 2013; Gratton et al. 2012;
Carretta 2015
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Globular clusters had a complex star formation, that is
not yet fully understood

Carretta et al. 2009
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Globular clusters had a complex star formation, that is
not yet fully understood

Carretta et al. 2009
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Globular clusters had a complex star formation, that is
not yet fully understood

Carretta et al. 2009
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Globular clusters had a complex star formation, that is
not yet fully understood

Carretta et al. 2009
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There is another complication: globular cluster host
stars with different metallicities
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There is another complication: globular cluster host
stars with different metallicities
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There is another complication: globular cluster host
stars with different metallicities
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There is another complication: globular cluster host
stars with different metallicities
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There is another complication: globular cluster host
stars with different metallicities

llllllll]lfiiflll'fllllllll
NGC5286 3

o o
o & -
|

(=]
(2] —
| 5 '["'l'”l"'l"'|'_?o_”l IRAS BEAN BELE BE
o b | IS AL

o o
N -

ooooo

0.8

0.4
0.2

-35 -3 =256
[Fe/H]

|
-

-2

Marino et al. 2015, 2018 Credrt NASA/ESA/Hubee/F Pitruction  GC merging and

Norris & Da Costa 1995, ; Smith et al. 2000; 5 e Gt Ferraro £ nUC|eatI0n
Johnson & Pilachowski 2010; Marino et al. b T S

2011; Yong et al. 2014; Johnson et al. 2015; SR

Marino et al. 2015; Da Costa 2016; Johnson et Gavagnin et al. 2016; Bekki & Tsujimoto 2016
al. 2017, 2018.

Alessandra Mastro.buéno-Battisti : 8, ) - | Ot MPIA, Heidelberg ﬂ



Disc globular clusters have an interesting life
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AR AR e R SRR TR
Disc globular clusters have an interesting life

Mean free path

\@= nLE r=v/\

R = N(;(_’I‘ = NéCvZ/V.
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AR AR e R SRR TR
Disc globular clusters have an interesting life

Mean free path

\@z nLE r=v/\

N(;(fl’ = A’éc\f'Z/V.

Overall collision rate
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Disc globular clusters have an interesting life

Mean free path

- . r=v/)

}3} N(;(fl’ = 1\%@:/“

Overall collision rate 100 km/s
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Disc globular clusters have an interesting life

Mean free path

- . r=v/)

}3} N(;(fl’ = 1\%@:/“

Overall collision rate 100 km/s
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Disc globular clusters have an interesting life
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Disc globular clusters have an interesting life

Mean free path .
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Disc globular clusters have an

Mean free path

\@z nLE r=v/\

Overall collision rate

Neer = NGLVE/V.
100 km/s
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Disc globular clusters have an interesting life

Mean free path

Neer = NGLVE/V.

Overall collision rate
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Disc globular clusters have an interesting life

Mean free path

Neer = NGLVE/V.

Overall collision rate
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Disc globular clusters have an interesting life

Mean free path
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Disc globular clusters have an interesting life
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They can contaminate each other and/or merge
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We followed the long term evolution of the merger

prOd UCt Mastrobuono-Battisti, Khoperskov, Di Matteo & Haywood, 2019

y [pcl

—100~

Alessandra Mastro.budno-Battisti _ : i . ' % MPIA, Heidelberg ﬂ




We followed the long term evolution of the merger

prOd UCt Mastrobuono-Battisti, Khoperskov, Di Matteo & Haywood, 2019

100,

v v - -

t=0Myr

50-

y [pcl
y [pcl

log

3.00
-50-

2.75

2.50

—100~

w & » b
© N v

woow
loglL (M _/pc? )]

w
=

N
~d

N
S

Alessandra Mastro.budno-Battisti _ : i . ' % MPIA, Heidelberg ﬂ



We followed the long term evolution of the merger

prOd UCt Mastrobuono-Battisti, Khoperskov, Di Matteo & Haywood, 2019

100, -
t=0Myr

50-

x 3 -
2 o = a
> = .
—50-
s Ot X
,\b«u:‘
<%
..%
e, W
—-100~ ’

wow & & &
o \D'. ~N w (e
loglE (M _/pc™ )]

w
w

w
o

N
~d

N
S

Alessandra Mastro.budno-Battisti _ : i . ' % MPIA, Heidelberg ﬂ



We followed the long term evolution of the merger
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We followed the long term evolution of the merger

product
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We followed the long term evolution of the merger

product
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If the progenitors are identical the two populations
get quickly mixed and they are indistinguishable
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If the progenitors are identical the two populations
get quickly mixed and they are indistinguishable

:_ —e 6Gyr, 1st progenitor
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If the progenitors are identical the two populations
get quickly mixed and they are indistinguishable
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|~ = 12Gyr, 1st progenitor

L —— 12Gyr, 2nd progenitor

10° 1080 102
r [pc]

Mastrobuono-Battisti et al., 2019

Alessandra Mastro.buéno-Battisti : ; I | b e MPIA, Heidelberg ﬂ



The impact between clusters with different densities
can lead to a different result

Equal progenitors
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The impact between clusters with different densities
can lead to a different result

Equal progenitors
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The impact between clusters with different densities
can lead to a different result
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The final (12Gyr) mass and density profiles of the two

populations can be significantly different
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The final (12Gyr) mass and density profiles of the two
populations can be significantly different
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The final (12Gyr) mass and density profiles of the two
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Rotation is a sighature of the merger
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The mass lost after the merger could be substantial
and is in the Galactic disc

Mastrobuono-Battisti et al., 2019
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The mass lost after the merger could be substantial
and is in the Galactic disc
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The mass lost after the merger could be substantial
and is in the Galactic disc
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The mass lost after the merger could be substantial
and is in the Galactic disc
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The mass lost after the merger could be substantial
and is in the Galactic disc
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The mass lost after the merger could be substantial
and is in the Galactic disc
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The mass lost after the merger could be substantial
and is in the Galactic disc
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Massive and dense globular clusters can survive and
decay towards the Galactic centre

= Could globular

Halo
clusters contribute
GNP " R Clusters to the build-up of
the Galactic
nucleus?

= \Nhat is the link
between stars in
globular clusters, in
the bulge and in the
Galactic nucleus?
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Galactic centres often host a massive and luminous
nuclear star cluster

Spiral Gakixy NGC 300
- 0’
(MFG/ESOD 2.2-m + WED) i
DE Mer Suilkminenre o

Neumayer et al 2011, Carollo et al. 1998, Matthews et al. 1999, Boker et al. 2002, 2003, 2004, Boker
2010, Cote et al. 2006
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Galactic centres often host a massive and luminous
nuclear star cluster

Spiral Gakixy NGC 300
(MPG/ESD 2.2-m + WED)

Neumayer et al 2011, Carollo et al. 1998, Matthews et al. 1999, Boker et al. 2002, 2003, 2004, Boker
2010, Cote et al. 2006
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R e S S e e s s e T
Nuclear Star Clusters (NSCs) are observed at the

centre of most galaxies

Very common:

>77% late types\ lower

>66% early types/ limits!

(Boker+ 2002, Coté+ 2006, Georgiev+ 2014)

Boker+ 2002, 2004; Carollo+ 2002; Coté+ 2006; Balcells+
acsaat s e 2007; Georgiev & Béker 2014; den Brok+ 2014
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Nuclear Star Clusters (NSCs) are observed at the

centre of most galaxies
_— B — Very common:

>77% late types> lower
>66% early types/ limits!

(Boker+ 2002, Coté+ 2006, Georgiev+ 2014)

Very compact:
Reff ~ 2 — 5]?(3

Very massive:
M ~ 10° — 10" Mg

Boker+ 2002, 2004; Carollo+ 2002; Coté+ 2006; Balcells+
acsaat s e 2007; Georgiev & Béker 2014; den Brok+ 2014
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... and they are the densest clusters in the Universe

Norris et al. 2014
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NSCs form through cluster infall and/or in-situ star

formation

Alessandra Mastro.buono-Battisti

Gas accretion and
in situ star formation

(Loose+ 1982, Milosavljevic+ 2004,
Pflamm-Altenburg+ 2009,...)

Accretion & merger of
star clusters

(Tremaine+ 1975, Capuzzo-Dolcetta 1993,
Capuzzo-Dolcetta & Miocchi 2008; Antonini+
2012, Antonini 2013, 2015,
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The Mily Way has NSC hting a central Massive
Black Hole

( Schodel+ 2014)
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We modelled NSC formation from cluster infalls using
N-body simulations

Credit: Sassa Tsatsi

Antonini, Capuzzo-Dolcetta, Mastrobuono-Battisti & Merritt, 2012 ApJ; Perets & Mastrobuono-Battisti,
2014, ApJ; Mastrobuono-Battisti, Perets & Loeb, 2014, ApJ; Tsatsi, Mastrobuono-Battisti et al., 2017,
MNRAS. See also Hartmann et al., 2011.
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We modelled NSC formation from cluster infalls using
N-body simulations
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Credit: Sassa Tsatsi

Antonini, Capuzzo-Dolcetta, Mastrobuono-Battisti & Merritt, 2012 ApJ; Perets & Mastrobuono-Battisti,
2014, ApJ; Mastrobuono-Battisti, Perets & Loeb, 2014, ApJ; Tsatsi, Mastrobuono-Battisti et al., 2017,
MNRAS. See also Hartmann et al., 2011.
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We modelled NSC formation from cluster infalls using
N-body simulations
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Antonini, Capuzzo-Dolcetta, Mastrobuono-Battisti & Merritt, 2012 ApJ; Perets & Mastrobuono-Battisti,

2014, ApJ; Mastrobuono-Battisti, Perets & Loeb, 2014, ApJ; Tsatsi, Mastrobuono-Battisti et al., 2017,
MNRAS. See also Hartmann et al., 2011.
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We modelled NSC formation from cluster infalls using

N-body simulations
Nuclear
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Black Hole
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1.5-10" Mg

Credit: Sassa Tsatsi

Antonini, Capuzzo-Dolcetta, Mastrobuono-Battisti & Merritt, 2012 ApJ; Perets & Mastrobuono-Battisti,
2014, ApJ; Mastrobuono-Battisti, Perets & Loeb, 2014, ApJ; Tsatsi, Mastrobuono-Battisti et al., 2017,

MNRAS. See also Hartmann et al., 2011.
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We modelled NSC formation from cluster infalls using
N-body simulations
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The simulated NSC is very similar to the MW one

Nuclear
Star C\uster

)

o

/-7 ’ —
Massive

Black Hole

0

log(Mass) (Mo,/pc?)

similar to MW NSC mass ~ 2- 107 M, (schédel+ 2014

similar BH mass ~ 4 - 10° Mg, (Ghez+ 2008)

similar flattening g~0.7  (schedel+ 2014

similar density profile  (schsdel+ 2014
similar tangential anisotropy B~ -0.1  Meritt+ 2010

Antonini et al. 2012; Tsatsi, Mastrobuono-Battisti et al., 2017
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The simulated NSC is rotating as much as the
observed one

V (km/s)
]
50 25 0 25 50

Tsatsi, Mastrobuono-Battisti et al., 2017; Feldmeier et al. 2014
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The simulated NSC is rotating as much as the
observed one

V (km/s)
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Tsatsi, Mastrobuono-Battisti et al., 2017; Feldmeier et al. 2014

Alessandra Mastrobuono-Battisti ' 1 : % MPIA, Heidelberg ﬂ



Simulation |

Tsatsi, Mastrobuono-Battisti et al., 2017
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NSCs form through cluster infall and/or in-situ star
formation

Gas accretion and /> Stellar popylation..

ns:
in situ star formation R
_2Nge of metallicitias
(Loose+ 1982, Milosavljevic+ 2004,

Pflamm-Altenburg+ 2009,...)

Accretion & merger of \
a8 1cs:
star clusters Dynamics
(Tremaine+1975, Capuzzo-Dolcetta 1993, NSCS rotate
Antonini+2012, Arca-Sedda & Capuzzo- d
Dolcetta 2014, Gnedin+2014, Antonini k NSCS are ﬂattene I
~ . 4 B
Both mechanisms
could work together Which is the
e.g. Hartmann et al. 2011, Neumayer et al. 2011, Turner et al. 2012, de dominant One?
Lorenzi 2013, Feldmeier et al. 2014, den Brok et al. 2014, Feldmeier-
@use et al. 2015 & 2017, Guillard et al. 2016 J \ J
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We can use stellar tracers to constrain the origin of
the NSC: millisecond pulsars

Abbate, MB, Colpi, Possenti, Sippel & Dotti (2017)

Pulsars population
Nuclear bulge 12GCswith S5,
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10" Mg, random
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the NSC: millisecond pulsars

Abbate, MB, Colpi, Possenti, Sippel & Dotti (2017)
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We can use stellar tracers to constrain the origin of
the NSC: millisecond pulsars

Abbate, MB, Colpi, Possenti, Sippel & Dotti (2017)
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We can use stellar tracers to constrain the origin of the
NSC: millisecond pulsars
# of MSPs

8 110
6 _
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2 o
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g 6 4 2 0 2 4 6 g
PC

Abbate, MB, Colpi, Possenti, Sippel & Dotti, 2017, MNRAS

PC

S = N W e U N
Number of MSPs

(see also Arca-Sedda et al. 2018 and Fragione et al. 2018)
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We can use stellar tracers to constrain the origin of the
NSC: millisecond pulsars

# ot MSPs probability of detection with SKA
10 0.2
9
8 -0.16
7
6

0.12

0.08

J1
Number of MSPs

O o

0.04

[—

0.00

Abbate, MB, Colpi, Possenti, Sippel & Dotti, 2017, MNRAS

(see also Arca-Sedda et al. 2018 and Fragione et al. 2018)
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probability of detection with SKA

S = N W & S N B ©
Number of MSPs

Abbate, MB, Colpi, Possenti, Sippel & Dotti, 2017, MNRAS

(see also Arca-Sedda et al. 2018 and Fragione et al. 2018)
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(see also Arca-Sedda et al. 2018 and Fragione et al. 2018)
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The next step: combining dynamical and chemical
information to unveil the origin of the Galactic NSC

a

10I

Number of Particles

Distance (pc)

Different populations have different spatial distributions, shapes and kinematics.
Chemical tagging of the simulations and comparison with observations are necessary to
finally unveil the link between NSCs and GCs.
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The next step: combining dynamical and chemical
information to unveil the origin of the Galactic NSC

Perets & Mastrobuono-Battisti (2014)
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Different populations have different spatial distributions, shapes and kinematics.
Chemical tagging of the simulations and comparison with observations are necessary to
finally unveil the link between NSCs and GCs.
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The next step: combining dynamical and chemical
information to unveil the origin of the Galactic NSC
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Perets & Mastrobuono-Battisti (2014)
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Take-home messages

e GCs do not evolve in isolation.
GCs primordial dynamica
evolution can affect their internal
metallicity distribution function
through mergers and mass-
exchanges.

Stellar density

* NSCs can form through the infall

and merger of massive and dense V (kmis)
| R
globular clusters, however we 5025 0 25 50

need to combine dynamics and
chemistry of stars to disentangle
the Galactic NSC history.
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Terzan 5’s MDF has three peaks: -0.8 (6%), -0.3 (62%)

and 0.25 (29%)
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