
25.05.2023 Statistics Journal Club 1

Assembly history of the Magellanic Bridge
 and Small Magellanic Cloud Wing

from star clusters

PhD Thesis by Raphael Oliveira
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Thesis goals

● age and metallicity analysis of Wing and Bridge star clusters to 
help distinguish between two scenarios for the Magellanic System 
history:

● the Magellanic Clouds were independent satellites and got bound 
recently, at  2 Gyr ago;  had 2 encounters since then at 1.2 Gyr and ∼
250 Myr ago (Diaz & Bekki 2011)

● the Magellanic System is old and on its first passage across the Milky 
Way in the last  2 Gyr; recent frontal encounter at 200-300 Myr ago ∼
(Besla et al. 2012)

  --»  homogeneous analysis of the Bridge (both data and methods)
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Data

● VISCACHA „VIsible Soar photometry of star Clusters in tApii and 
Coxi HuguA”

● SMASH „Survey of the MAgellanic Stellar History”
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The statistical analysis

1. Cluster parameters from the distribution of stars

2. Cleaning the data from non-cluster members

3. Fundamental parameters from CMDs
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1. Cluster parameters from the distribution of stars

● The King profile (King 1962) reproduces cluster radial density 
profile (RDP) with structural parameters:

● rt – tidal radius (zero surface density)
● rc – core radius (density drops by half)
● ρ0 – central surface density
● ρbg – density of background stars
● ρ(r) – predicted stellar density at distance r
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1. Cluster parameters from the distribution of stars

● RO developed a Python code from scratch to produce RDP, 
followed by a statistical fitting of King empirical models on the 
RDP to obtain the structural parameters

● new approach to estimating density vs radius: 
evaluate the density around each of the N stars retrieved in the 
photometry, using a circle (in the RA-Dec plane) with an adaptive 
radius Ri that contains √N stars, through   ρi =  √N /(π · Ri

2 )
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1. Cluster parameters from the distribution of stars

● parameter determination is based on a likelihood function 
together with the MCMC method, with 6 independent random 
walkers:
αcen , δcen , rt , rc , ρ0 , ρbg

● maximize the probability that a given King model represents the 
distribution of stellar densities as a function of the radius in the 
RDP

● 6D parameter space is sampled with the emcee package (“The 
MCMC Hammer”; Foreman-Mackey et al., 2013)
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1. Cluster parameters from the distribution of stars
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1. Cluster parameters from the distribution of stars
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2. Cleaning the data from non-cluster members

● field stars
● crowding
● interstellar reddening
● large distances
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2. Cleaning the data from non-cluster members

● field stars 
● crowding AO
● interstellar reddening AO
● large distances AO
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2. Cleaning the data from non-cluster members

● improved photometric method (from positions and magnitudes) 
developed by Maia et al. (2020)

● two regions: r > rt   (field sample) and r < rt   (field+cluster sample)
● star by star comparison based on the photometric similarity of the 

star with the nearby field, and on its distance from the centre
● assigning a membership probability value depending on the 

overdensity around the star position in the cluster and field CMDs 
● RO inserted more constraints, such as the density around each 

star as an additional constraint when comparing the cluster with 
the field sample, and rewrote the entire code in Python
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2. Cleaning the data from non-cluster members
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2. Cleaning the data from non-cluster members
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3. Fundamental parameters from CMDs

● set of isochorones (e.g. PARSEC,DSED, BaSTI) to reproduce the 
observed distribution in color and magnitude, in a sequence of 
simulated masses

● distribution of birth masses from the IMF (Kroupa 2001)
● includes distance moduli and reddening to move from HR to CMD
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3. Fundamental parameters from CMDs

● set of isochorones (e.g. PARSEC,DSED, BaSTI) to reproduce the 
observed distribution in color and magnitude, in a sequence of 
simulated masses

● distribution of birth masses from the IMF (Kroupa 2001)
● includes distance moduli and reddening to move from HR to CMD

---> simultaneous fitting of age, metallicity, distance
modulus and reddening   
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3. Fundamental parameters from CMDs

● SIRIUS code “Statistical Inference of physical paRameters of 
sIngle and mUltiple populations in Stellar clusters”, developed by 
the group
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3. Fundamental parameters from CMDs

RO input includes:
● adapting SIRIUS code to work with PARSEC isochrones covering 

a larger age range than those adopted for Galactic GCs
● incorporating improvements for better fitting young and 

intermediate-age clusters, such as:
● modifications in the likelihood function (e.g. membership probability 
pmemb and number of neighbour stars n* on the CMD)

● pre-selection of stars and priors based on the MSTO and red clump 
position to better constrain the posterior P(Φ).
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3. Fundamental parameters from CMDs
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Results for 33 clusters from VISCACHA
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Results for 33 clusters from VISCACHA
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Side project – bulge RR Lyrae in clusters

● having metallicity and reddening for a cluster with RRL. its 
distance can be determined from PLZ relation for RRL

● 6 bulge clusters with RRL from OGLE-IV and PMs from Gaia DR3
● 2D Gaussian mixture models were used to identify two 

distributions in the PM space (cluster distribution has a lower 
dispersion)

● RR Lyrae membership probability was calculated based on RRL, 
cluster and field PMs and uncertainties
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Side project – bulge RR Lyrae in clusters
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Side project – bulge RR Lyrae in clusters

● from RRL  mean magnitudes, new Mλ − [Fe/H] relations were 
constructed, using updated BaSTI models for the zero-age 
horizontal branch

● RO obtained distances of:

6.6 kpc, 13.1 kpc, 5.6 kpc, 9.6 kpc, 8.2 kpc and 7.3 kpc for
NGC 6266, NGC 6441, NGC 6626, NGC 6638, NGC 6642, and NGC 6717
with 5−6% precision
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