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NOW

13 Gyr ago

?

Galactic globular clusters
Old and simple
stellar systems
- homogenous chemical composition
- spherical
- non-rotating
- isotropic

This is not true!
+
formation* is unknown
Exploit GCs complexity to unveil
their formation

* I don’t claim I have an answer to the formation problem
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Figure 11. E↵ective radius Re vs absolute V-band magnitude MV for dynamically hot stellar systems from our master compilation.
Blue stars are our observations and are filled where we have successfully measured the velocity dispersion of the object. M32 is indicated
by its own symbol and labelled. It is clear that the group of six (including one literature Coma cE) non-YMC objects with MV < –14
and Re < 100pc lie o↵set significantly from the more massive previously known UCDs such as Virgo-UCD7 and Fornax-UCD3, which

Dwarf galaxies vs. GCs
spread in metallicity [Z ]

Leaman 2012

Metallicity [Z ]

Dwarf galaxies vs. GCs
omega Cen

Omega Cen - a stripped dwarf?

Bellini et al 2010

•

complex chemistry (iron spread)

•

complex internal dynamics

•

central massive black hole?

(Johnson & Pilachowski 2010)
(van de Ven et al. 2006)
(Anderson & van der Marel 2010, Noyola et al. 2010,
Zocchi et al. 2017)

the iron-rich population, while panel (d) shows the corresponding [Na/Fe]
vs. [O/Fe] from Marino et al. (2015).

“Normal” GCs

Milone et al. (2016)

Multiple stellar populations: variations in the light elements abundances

Surrey is the ideal environment for fruitful and stimulating collaborations in the field of g
formation and evolution (Dr. A. Zocchi, Dr. V. Henault-Brunet, Dr. F. Renaud) in the broade
galaxy formation and stellar dynamics (Prof. J. Read, Dr. O. Agertz, Dr. A. Gualandris, Dr. M
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Luminosity vs. size of low-luminosity stellar systems
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Accreted origin of GCs?

PAndAS Team (A. McConnachie, N. Martin, et al.)

Accreted origin of GCs?

rnal Letters, 812:L10 Omega
(6pp), 2015Centauri-like
October 10

object in stellar stream of NGC3628

Jennings

e of the stellar stream next to NGC 3628 from our i-band Subaru/Suprime-Cam imaging. The leftmost edgeJennings
of NGCet3628
is visible at
al. 2015
ghlight the location of UCD1 in zoom-in panels. North is up, and east is left. The limiting surface brightness in the large image is roug
e stretch is modiﬁed in each image. Angular sizes are approximately 26 × 10, 4.5 × 1.5, and 0.9 × 0.4 arcmin from the largest to sm

∼0 70, and ∼0 75 in g, r, i, respectively. We employ
modiﬁed version of the SDFRED-2 pipeline7 to reduce

Accreted origin of GCs?
Leaman,VandenBerg & Mendel (2013)
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• GCs in disk-like orbits,

consistent with age-metallicity
of MW disk

Accreted GCs

• 2/3 of GCs in halo-like orbits
• accreted as part of disrupted
dwarf host galaxies

[Fe/H]

The problem of GC formation
GCs today are the result of 13 Gyr long evolution
stellar evolution
internal dynamical evolution
interaction with host galaxy’s tidal filed

Strategy: internal kinematics
• kinematics provide a long lasting fossil record of formation
• revolutionary kinematic data are NOW available:
Traditional line-of-sight velocities
from spectroscopy:
- bright (massive) stars only
- 100-1000 data per GCs
magnitude

HST proper motions:
- both faint and bright stars
- 100,000 per GCs
- 2D-velocity information
HSTPROMO collaboration
(Bellini et al. 2014, Watkins+2015a,b)

colour

+ Gaia proper motions and Line-ofsight for bright stars soon!

Kinematic observations
Velocity dispersion (km/s)

HST Proper Motions (HSTPROMO collaboration)

Bellini, Anderson, van der Marel, Watkins, King, Bianchini et al. 2014

NGC 7078/M15

Unveiling the complexity
in the kinematics
1. Energy equipartition
2. Evolution of the mass-to-light ratio
3. Velocity anisotropy & tidal field

1. Energy equipartition
• GCs are OLD: >10 Gyr of dynamical evolution
• effect of 2-body interactions: energy exchange
between stars

high-mass stars (up to ~0.9 M⦿)
low-mass stars

1. Energy equipartition
• GCs are OLD: >10 Gyr of dynamical evolution
• effect of 2-body interactions: energy exchange
between stars

miσi2=mjσj2
σ∝m-0.5
• partial energy equipartition
(e.g., Spitzer 1969, Vishniac 1978, … Trenti & van der Marel 2013)
see Spera et al. 2016 for open clusters

mass-dependent kinematics
(Effect mostly neglected!)
See however recent modelling effort:
Gieles & Zocchi 2015, de Vita et al. 2016, Peuten et al. 2017

Kinematic observations
Velocity dispersion (km/s)

HST Proper Motions (HSTPROMO collaboration)

Bellini, Anderson, van der Marel, Watkins, King, Bianchini et al. 2014

NGC 7078/M15

Kinematic observations
•

combination of line-of-sight velocities + proper motions

Velocity dispersion (km/s)

e.g. , VLT/MUSE
data
A&A proofs: manuscript
no. aa_2015_27065
NGC 6397

Kamann et al. 2016

kinematics of NGC 6397. (a) The red histogram shows the distribution of stellar masses in the MUSE
ainties of the stellar velocities as a function of mass are shown as blue crosses. (b) The velocity dispersion
mass range of each bin is shown in the legend. In contrast to (a), only stars with a measurement uncertainty

Goals
(1) - Describe the mass-dependence of kinematics σ(m)
- Applicability to both observations and simulations
- Quantify the degree of partial energy equipartition

(2) How does equipartition relate to GCs properties?

Bianchini et al. 2016
Bianchini et al. 2017
(see also Webb & Vesperini 2017)

Simulations
•
•
•
•
•

Monte Carlo cluster simulations
(Downing et al. 2010) in isolation
N=500,000 and 2,000,000 particles
10% and 50% initial binary fraction
concentration C=1.00-2.00
snapshots at 4, 7, 11 Gyr

σ

m
σ(m) profiles:

•

Projected profiles within the half-light
radius

Fitting function
3276

M. Trenti and R. van der Marel
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stellar mass [M⦿]
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Application to simulations
Fit to binned profiles for all the data in the simulations

• projected velocity
dispersion

• within half-light radius

Application to simulations
Fit to binned profiles for all the data in the simulations

• projected velocity
dispersion

• within half-light radius

meq=2.0±0.1 M⦿

Application to simulations
Discrete fitting (no binning) to observational-like data

• only observable stars with
0.4<m<0.9 M⦿
(LOS + PMs)

• likelihood function
• errors or contamination

sources can be easily
taken into consideration

•

excellent description for
all simulations at very time
snapshot

Goals

✓

(1) - Describe the mass-dependence of kinematics σ(m)
- Applicability to both observations and simulations
- Quantify the degree of partial energy equipartition

(2) How does equipartition relate to GCs properties?

Measuring the dynamical state
closer to full equipartition

•

tight relation between degree of equipartition and relaxation state of a
cluster (meq-nrel relation)

meq=1.55+4.10 nrel-0.85

more relaxed clusters

Measuring the dynamical state
meq-nrel relation
(for isolated clusters)

1. meq

nrel

2. nrel

meq

measuring meq, we can estimate the dynamical state of a cluster

predict the mass-dependence of kinematics (meq): e.g., predict the kinematics for
non-measurable low-mass stars, stellar remnants, binary stars (Bianchini et al.
2016), blue straggler stars (Baldwin et al. 2016)

Why is this exciting?
Applications of the
“equipartition-relaxation” relation

•

intermediate-mass black holes?

•

nucleus of dwarf galaxies?

•

in-situ vs. accreted clusters?

•

complex dynamical history?

Bianchini et al. 2016

more relaxed stellar systems

M15

closer to full equipartition

Mass dependence of kinematics

2. Mass-to-light ratio
GCs are mass segregated
Massive stars sink into the centre and less massive stars
move toward the outskirts as a result of redistribution of
energy.
LOW M/L objects:
high-mass bright stars (giant stars, ~0.8 M_sun)
HIGH M/L objects
low-mass faint stars (main sequence stars)
dark remnants (black holes, neutron stars, ~a few M_sun)
non-trivial variations of the M/L are expected, however
dynamical modelling usually assume constant M/L
Multi-mass models: Da Costa & Freeman 1976; Gieles & Zocchi
2015; Zocchi et al. 2016; de Vita et al. 2016, Peuten et al. 2017

M/L and the dynamical state

Bianchini, Sills, van de Ven, Sippel 2017
Figure 1. Left panel: Mass-to-light ratio profiles (in the V -band) as a function of radius (in unit of the

M/L and the dynamical
state
5
Variety of shapes of M/L profiles:
-central peak
-rise in the outer part
-common minimum
Correlation with relaxation state:
Dynamically young clusters display central
peak that flattens out for dynamically older
clusters.
Central peak is due to retention of dark
remnants. Clusters with shorter relaxation
times (dynamically old) have efficiently
ejected remnants.

Bianchini, Sills, van de Ven, Sippel 2017

M/L and the dynamical state

number of dark remnants
(neutron stars + black holes)

dence of the total number of low-mass main sequence stars (MS, m < 0.2 M ; panel A) and dark
d stellar mass black holes; panel B) on the relaxation state of a cluster nrel = Tage /Trc (left panel ).
Gyr are indicated with black circles, blue triangles and red squares, respectively, and metal rich models
More relaxed clusters show a lower number of dark remnants because of ejections driven by gravitational
rved for low-mass main sequence stars. Bottom panels: relation between the total number of low-mass
nd dark remnants (panel D) and the global mass-to-light ratio in the V -band. The strong correlation
mnants and M/L, indicates that the dynamical evolution of M/L is primarily driven by the ejection of
scape of low-mass stars.

Central peak is due to the retention of dark remnants.
Clusters with shorter relaxation times (dynamically old)
have efficiently ejected remnants.

Bianchini, Sills, van de Ven, Sippel 2017

7

M/L and the dynamical
state
5
Dynamically young clusters:
massive GCs or Ultra Compact Dwarfs
Possible degeneracy with IMBH signatures?

M/L and the dynamical state
P. Bianchini et al.

Bianchini, Sills, van de Ven, Sippel 2017
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Figure 2. Top panels: Mass-to-light ratio (V -band) within the half-light radius as a function of the
Figure 2. Top panels: Mass-to-light ratio (V -band) within the half-light radius as a function of the r
n
= T /Trc (panel A) and its state of partial energy equipartition meq (panel B). Metal poor mo
nrelrel= Tageage
/Trc (panel A) and its state of partial energy equipartition meq (panel B). Metal poor mod
indicated with black circles, blue triangles and red squares, respectively, and metal rich models at 11 Gy
indicated with black circles, blue triangles and red squares, respectively, and metal rich models at 11 Gyr
relaxed clusters (characterized by a higher n , and, correspondingly, lower meq ) have lower mass-to-light r
relaxed clusters (characterized by a higher nrelrel
, and, correspondingly, lower meq ) have lower mass-to-light ra
values of M/L reached by the clusters closest to full energy equipartition. A clear age dependence is observa

M/L and the dynamical state
P. Bianchini et al.

Bianchini, Sills, van de Ven, Sippel 2017
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Given an age and metallicity the relaxation state
Figure 2. Top
panels:determines
Mass-to-light ratio
(V -band) within the half-light radius as a function of the
cluster
its (V
M/L
Figure 2. of
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Mass-to-light ratio
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nrelrel= Tageage
/Trc (panel A) and its state of partial energy equipartition meq (panel B). Metal poor mod
indicated with black circles, blue triangles and red squares, respectively, and metal rich models at 11 Gy
indicated with black circles, blue triangles and red squares, respectively, and metal rich models at 11 Gyr
relaxed clusters (characterized by a higher n , and, correspondingly, lower meq ) have lower mass-to-light r
relaxed clusters (characterized by a higher nrelrel
, and, correspondingly, lower meq ) have lower mass-to-light ra
values of M/L reached by the clusters closest to full energy equipartition. A clear age dependence is observa

M/L and the dynamical state
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Figure 4. Dynamical mass-to-light ratio (V -band) as a function of the half-light radius for GCs in the Milky Way (McLaughlin & van der

2. Mass-to-light ratio
5

f radius (in unit of the half-light radius, Rh ) for all
indicated by nrel = Tage /Trc , see Table 3. Redder

M/L & dynamical state
WHAT DID WE LEARN?

- M/L profiles are not constant: given the

relaxation state of a cluster we can predict a
physically motivated M/L profile

- break the degeneracy between dark
remnants and IMBHs

- Dark remnants significantly shape the M/L:
possibility of inferring the number of
remnants from accurate measurements of
M/L?

arcsec, velocity scale v0 in km s−1 , and assumed distance d in kpc. For the physical scales, the associated 1σ-errors are also shown.

3. Velocity anisotropy
C

1.91 ± 0.02

Table 6
S TRUCTURAL PARAMETERS D ERIVED FOR THE B EST-F IT M ODELS
Rc
Rh
Rtr
M
M/LV
arcsec
arcsec
arcsec
M⊙
M⊙ /L⊙
27.4 ± 1.2 248.6 ± 10.9 1989.8 ± 87.8 8.4 ± 0.4 × 105 1.96 ± 0.25

log ρ0
M⊙ pc−3
4.97 ± 0.01

Note. — Concentration parameter C = log(Rtr /Rc ), projected core radius Rc in arcsec, projected half-mass radius Rh in arcsec, truncation radius rtr in a
total mass of the cluster M in units of M⊙ , V-band mass-to-light ratio in solar units, logarithm of the central mass density ρ0 in units of M⊙ pc−3 .

47 Tuc

circular, while
this
distribution is more flattened in the
GCs
are
mildly
and calibration field, to become again somewhat more cir
in the outer field (middle panels of Fig. 1)). This is the e
anisotropic
of velocity-dispersion anisotropy.
To properly measure
Observations
show:the
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in the
as follows.
wecentre
need to select stars with reliable
and mild
similar
massanisotropy
in the fourinfields.
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regions
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pected
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alter Richer+2014,
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vanLeeuwen+2000
velocity-dispersion profiles, under/overestimating PM e
could lead to incorrect profiles. In what follows, we
include measurements coming from the inner and the
fields only for completeness.
To select stars of similar mass in the four fields, we lim
selections to the magnitude range 20<mF606W <22. The r
and tangential velocity-dispersion profiles were estimate

-

Figure 6. Anisotropy profile predicted by our best-fit model compared to the
Bellini,
Bianchini
HSTPROMO
submitted
PM results
from this
work. Our+
model
is able to reproduce
well the observed
trend of isotropy in the center and mild radial anisotropy in the outer parts.

The careful reader might have noticed that the distribution
of 47 Tuc stars in the PM diagram of the central field is rather

3. Velocity anisotropy
GCs are mildly anisotropic
Simulations show:
Anisotropy is shaped by a combination of
1) primordial formation processes
2) internal relaxation processes

(Lynden-Bell 1967, Vesperini+2014)
(Spitzer1987, Giersz & Heggie 1996)

3) interaction with external tidal field

(Giersz & Heggie 1997, Takahashi+1997)

More recently: Tiongco+2016, Zocchi+2016, Sollima+2015
Is the anisotropy affected by the birth environment?

Accreted vs. in-situ GCs
Miholics, Webb & Sills 2016

of MW GCs suspected to
• ~2/3
be accreted systems (agemetallicity relation)

• ωCen and M54 suspected to
be nuclei of dwarf galaxies

signatures of accretion in
• No
the internal structure

Miholics+2016, 2014; Bianchini+2015

Can we find a unique kinematic signature of an
accretion process?

Simulating an accretion process
SIMULATIONS: time-dependent tidal field (Nbody6tt, Renaud+2015)
set of simulations from Miholics et al. 2016
GCs: 50,000 particles, Kroupa mass function, tidally under filling configurations
MW: bulge + disk + logarithmic halo
Dwarf: point mass (109-1010 M⦿)

Scenario 1: Dwarf falls
the GC experiences an increasing tidal field
until it reaches the final position at ~6 Gyr
Scenario 2: Dwarf evaporates
the GC is released into the MW potential,
while the dwarf loses mass until 6 Gyr

Anisotropy as a fossil record
2
β=1-(σ

φ

2
+σ

θ

2
)/2σ

β>0 radial anisotropy
β<0 tangential anisotropy
β=0 isotropy

r

Anisotropy as a fossil record
DWL-MW20-evap

DWS-MW10-fal
accreted GCs
MW
Dwarf

DWS-MW20-evap

accreted GCs
MW
Dwarf

Figure 1. Time evolution of the velocity anisotropy parameter
calculated at diﬀerent Lagrangian radii, namely between 40% and
60%, 60% and 80%, 80% and 90% and 90% and 99%, denoted as 50 , 70 , 85 , 95 , respectively. The three columns show three diﬀerent
simulations of accreted GCs (black lines) and additionally the corresponding simulations of a GC evolved entirely in the MW (magenta
lines) and evolved entirely in a dwarf galaxy (green lines). The vertical dotted lines show the beginning (3 Gyr) and the end of the
accretion process (6 Gyr). The strongest diﬀerences between the velocity anisotropy of accreted and non-accreted GCs are observable in
the outer Lagrangian radii and smooth out in a few relaxation times (⇠few Gyr) adapting to the new dominating tidal field. Note that
GCs characterized by radial ( > 0), tangential ( < 0) or isotropic ( ' 0) velocity distributions are produced.

- At early phases, the velocity anisotropy is determined by the tidal field of the dwarf
- The clusters will adapt to the new tidal environment in a few relaxation times

Bianchini, Sills & Miholics submitted

Anisotropy as a fossil record
DWL-MW20-evap

DWS-MW10-fal

DWS-MW20-evap

accreted GCs
MW
Dwarf

Figure 1. Time evolution of the velocity anisotropy parameter
calculated at diﬀerent Lagrangian radii, namely between 40% and
60%, 60% and 80%, 80% and 90% and 90% and 99%, denoted as 50 , 70 , 85 , 95 , respectively. The three columns show three diﬀerent
simulations of accreted GCs (black lines) and additionally the corresponding simulations of a GC evolved entirely in the MW (magenta
lines) and evolved entirely in a dwarf galaxy (green lines). The vertical dotted lines show the beginning (3 Gyr) and the end of the
accretion process (6 Gyr). The strongest diﬀerences between the velocity anisotropy of accreted and non-accreted GCs are observable in
the outer Lagrangian radii and smooth out in a few relaxation times (⇠few Gyr) adapting to the new dominating tidal field. Note that
GCs characterized by radial ( > 0), tangential ( < 0) or isotropic ( ' 0) velocity distributions are produced.

- At early phases, the velocity anisotropy is determined by the tidal field of the dwarf
- The clusters will adapt to the new tidal environment in a few relaxation times
- If any, the signatures in anisotropy are not unique

Bianchini, Sills & Miholics submitted

Anisotropy as a fossil record
accreted

MW only

tangential

radial

right before the accretion starts

Dwarf evaporates
Dwarf initial mass =109 M⦿
Distance from MW centre = 20 kpc

Bianchini, Sills & Miholics submitted

Anisotropy as a fossil record
accreted

MW only

tangential

radial

right after accretion is over (dwarf mass = 0)

Dwarf evaporates
Dwarf initial mass =109 M⦿
Distance from MW centre = 20 kpc

Bianchini, Sills & Miholics submitted

Anisotropy as a fossil record
accreted

MW only

tangential

radial

At 10 Gyr

Dwarf evaporates
Dwarf initial mass =109 M⦿
Distance from MW centre = 20 kpc

Bianchini, Sills & Miholics submitted

Anisotropy as a fossil record
accreted

MW only

tangential

radial

At 10 Gyr

Consistent with Tiongco+2016 and Zocchi+2016
but larger varieties of profiles

Anisotropy as a fossil record
P. Bianchini et al.

tangential

radial

6

Relaxation time [yr]

Figure 2. Left panel: Velocity anisotropy at the half-mass radius 50 for all the simulations at 10 Gyr as a fun
half-mass relaxation time trel . Accreted GCs of the type "Dwarf Evaporates" are represented with black dots, acc
"Dwarf Falls" are empty circles, GCs evolved solely in the MW are magenta dots and GCs evolved solely in a dw
dots. Clusters that are dynamically younger (longer relaxation times) are characterized(e.g.
by stronger
radial anisotrop
Baumgardt
&
9
by clusters with trel ' 10 yr, consistent with the observational finding by Watkins et al. (2015a). Right panel: V
Makino
2003)
the half-mass radius at 10 Gyr as a function of the average
stellar
mass of the clusters. Radial anisotropic syste
younger clusters) have lower average stellar masses than systems characterized by isotropy or tangential anisotr
(Watkins+2015)
older clusters). This indicates that the tidal field preferentially strips low-mass stars in radial orbits.

More relaxed clusters have isotropic/
tangential velocity distributions:
consistent with HST observations

Preferentially stripping of low-mass
stars in radial orbits
Bianchini, Sills & Miholics submitted

Anisotropy as a fossil record
radial

P. Bianchini et al.

tangential

t al.

8

filling factor

Figure 4. Correlations between the velocity anisotropy at the half-mass radius 50 , the filling factor r50 /rj , the cum
the tidal field and the mass loss, calculated at 10 Gyr for our set of GC simulations. The colour coded is as in Fig
black circles referring to simulations of type "Dwarf Evaporates", while the empty black circles to the ones of type
cumulative strength of the tidal field is the main factor driving the evolution of the velocity anisotropy: GCs that
stronger tidal field are characterized by stronger tangential velocity anisotropy and a stronger mass loss. These cluste
a tidally filling configuration characterized by r50 /rj >
⇠ 0.17 and mass loss > 60%. We observe no diﬀerences in velocit
half-mass radius between clusters that have been accreted and cluster that evolved solely in the MW.

The flavour of the velocity anisotropy depends o the strength of
the tidal field and not on the accreted/in-situ origin

Bianchini, Sills & Miholics submitted

Anisotropy as a fossil record
Characterization of velocity anisotropy in a variety of different
time-dependent tidal fields:
- No unique and distinctive signatures for accreted GCs
- at 10 Gyr a variety of anisotropy profiles are recovered:
isotropic, radial and tangential
isotropy/tangentiality: r50/rj > 0.17
trel < 109 Gyr
mass loss > 60%
Key for the interpretation of current and upcoming data
(HST proper motions within half-light radius and Gaia proper motions
for the outer parts)

Conclusions
energy equipartition
- unveils the dynamical state of a cluster
- provides a tool to detect peculiar dynamical evolution
(e.g. post-core collapse clusters)

mass-to-light ratio
- dynamical evolution & presence of remnants shape the M/L
- fundamental for dynamical modeling

fossil record of accretion
- velocity anisotropy traces formation and evolution
- no signatures of accretion in velocity anisotropy
- GCs as galactic nuclei?

Conclusions
•

kinematics: powerful tool to unveil the richness of GCs
PROPER MOTIONS provide a revolutionary tool

•
•

synergy between modelling and observations
think bigger:
line-of-sight velocities + HST proper motions + Gaia

