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Part 1 
The space distribution of stars in 

connection with the fragmented ISM
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Segregation in young stellar populations : OB stars in Carina
Herschel data (Gaczkowski et al. 2013)

OB

YSO



“Cool baby, cool”
• 1d flows : recall basic relation to metal abundances, 

cooling rate and fragmentation  (two-parameter law)

emissivity
opacity

• Scale-free hydrodynamics gives a relation of Jeans 
mass as function of time for collapse, tc :
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“Cool baby, cool” bis
• fluctuations in metal abundances in fluid ➤ variations 
in α,β and so ω. Then for two values  ω’ >  ω :

• In dense environments ε ~ ρ and so α = 1  
• more metal rich environments (ω) have smaller MJ 
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Expectations from hydro-calculations  
in high-density: single EoS, abundances

Sample SPH calculation with opacity map 
from SPLASH (D.Price) 

gas + dust

Dark = 
high density

Hydro simulation of type SPH
from M. Bate 2012 MNRAS 

Opacity map

~ 
0.

5 
pc



Transition : embedded ▷ gas-free. Yes, but 
 how .. ?  

• embedded cores / associations m.f. ~ cluster m.f.  
• details of mass-loss unclear, slower than energy 

argument would suggests (winds, SN, .. e.g. J. Dale 
10/2015 webcast STScI; S. McMillan, op. recit.) 

• active star-forming regions with gas have stellar 
kinematics compatible with in-situ star formation 
(e.g. ρ Ophiucus [André et al. 2007 ] or NGC1333 where σ ~ 0.8 km/s [Foster et 
al. 2015, In-Sync survey]) 

• Global phase-mixing and relaxation on a time-
scale well exceeding the star-formation time-scale

▷ boost survival rate
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NGC604 in M33

J. Dale et al. 2013



Use the Pan-Starrs 1 + 2mass E(B-V) map (see Green et al. 2015++)
Set up maps at different distance scales (DM), same angular size
slices of 0.5 magnitudes from data cube, use e.g. giant stars to go 
far into the MW disc  
Issue: physical size of ~ 1 pc fits in one map pixel  ≈ 7’ at D ≈ 500 pc

Completeness of sample
using an extinction map (reddening)
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1 pc

NGC 1333, Ic348: D ~ 300 pc

7’

would like to resolve reddening along l.o.s.

DM = Distance Modulus



On-line query  map (see Green et al. 2015++)
Precision of v⏊ ~ 1 km/s or better challenging for GAIA above Mk ~ 21  
Unresolved binary stars lead to shift in photometric centre
Going deep (DM > 10 or ~ 1.3 .. kpc) becomes an issue, resolving the 
reddening along the l.o.s. vs in situ reddening (in the star-forming 
region). 

Completeness of sample
using an extinction map (reddening)
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DM = Distance Modulus



On-line query  map (see Green et al. 2015++)
Precision of v⏊ ~ 1 km/s or better challenging for GAIA above Mk ~ 21  
Unresolved binary stars lead to shift in photometric centre
Going deep (DM > 10 or ~ 1.3 .. kpc) becomes an issue, resolving the 
reddening along the l.o.s. vs in situ reddening (in the star-forming 
region). 

Completeness of sample
using an extinction map (reddening)
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DM = Distance Modulus

To be updated with v2 !!



Set up maps at different distance scales (DM), same angular size
Get the FFT power-spectrum, compare different scales (in MW disc) 
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7.0-7.5 7.5-8.0 8.0-8.5

8.5-9.0 9.0-9.5 9.5-10 …

Completeness of sample
using an extinction map (reddening)



Use the Pan-Starrs 1 extinction map (Green et al. 2015, ..)
Set up maps at different distance scales (DM), same angular size 
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7.0-7.5 7.5-8.0 8.0-8.5

8.5-9.0 9.0-9.5 9.5-10 …

FFT power spectrum : fixed direction on the sky, 
distance modulus ranging form 7 to 11

:: Argument for scale-invariance, 
   apply to ~ 1 pc scale (open clusters, star-forming regions, .. )

Completeness of sample
using an extinction map (reddening)



Uncertainties in stellar ages = uncertainties in the phase of the 
Fourier modes (of sensible physical scale)
Set up maps as before, but phase-mixed the Fourier modes
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Application: embed the models in Milky Way disc
using an extinction map (reddening)

∂φ
v t

not (reconstruction)



Uncertainties in stellar ages = uncertainties in the phase of the 
Fourier modes (of sensible physical scale)
Set up maps as before, but phase-mixed the Fourier modes
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Application: embed the models in Milky Way disc
using an extinction map (reddening)

∂φ
v t

not (reconstruction)



Morphology : apparent vs real .. selection, extinction 
Use the Pan-Starrs 1 extinction map (Green et al. 2015, ..)
Fourier transform : phase mixing on ~ 1 pc scale in ~ 1 Myrs
K-band extinction / bolometric correction : ± 20% 
completeness @ MK  = 21

scale 
invariance

Exploring morphology using the 
Minimum Spanning Tree approach

👨

←
∆D

M = 0.5
←

insert model / data
14

(Different 
directions)
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Part 2
The space distribution of stars viewed 

as a challenge to modelers 



Initial conditions for stellar dynamics: 
different approaches 

Classic argument: stars are as cool/cold as gas is  

All mixed up, no mass- or length scale: monolithic collap-
se, no structure in density or velocity

Some spatial profile (King, Plummer, ..) with velocities 
drawn from «equilibrium» d.f. (e.g. Caputo et al. 2014, .. )

Turbulence imprints young stellar spatial distributions    
(W43 - Nguyen et al. 2013;  G0.253+0.016 / ALMA, Rathborne et al. 2015)

’Fractal’ distribution : looks like star-forming region, but 
velocities odd, ad hoc (Goodwin & Withworth 2004, R. Allison et al. 
2009++, B. Elmegreen 1997, .. )

�2 ⇡ k�T
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sinks =stars gas = density 
probability

Hierarchical 
Plummer/Gaussians

Hierarchical 
“fractals”

Kruijssen 2012 Fujii et al. 2015

Vesperini et al. 2007++

Allison et al. 2009++
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Fragmentation: non-linear dynamics
Dorval et al. 2016 MNRAS, 2017

N ~ 100k stars

Extract subset of  
stellar clumps:  
 MST technique, HOP

N:  100 ~ 1k (rich open cluster)

- Draw stars from IMF (canonical)
- Form binaries with primary-★ correlation



:: blue / grey : Salpeter (ensemble averaging)

Stellar clumps (2D): 50% of all stars 
top-heavy, segregated ..

slope ≈ -2.16

field α ≈ -2.41
field 

clusters 

Bastian et al. 2010, ARAA
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Different projection angles 

Black :  
filament  
+ IMF

White :  
no IMF

Selection by mass / renormalized

Dotted :  
heavy

full :  
light

Exploring morphology using the 
Minimum Spanning Tree, all 
member stars 

Length of edges [ ] ->
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Different projection angles 

Black :  
filament  
+ IMF

White :  
no IMF

Selection by mass / renormalized

Dotted :  
heavy

full :  
light

Guthermut et al. 2009, ApJS

Exploring morphology using the 
Minimum Spanning Tree, all 
member stars 

Length of edges [ ] ->
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Morphology : apparent vs real .. selection, extinction 
Use the Pan-Starrs 1 extinction map (Green et al. 2015, ..)
Extinction (= distance effect) : shift on MST statistics
Set up a clump with N ~ 400 stars (e.g. Ic348)

Exploring morphology using the 
Minimum Spanning Tree approach
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Morphology : apparent vs real .. selection, extinction 
Use the Pan-Starrs 1 extinction map (Green et al. 2015, ..)
Extinction (= distance effect) : shift on MST statistics
Set up a clump with N ~ 400 stars (e.g. Ic348)

Exploring morphology using the 
Minimum Spanning Tree approach
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Kovacs, Niederkorn, Dorval, .. 



MST-selected stars: 2D vs 3D
Apply the same selection criterion (lcut = mean + σ/2)

Exploring morphology using the 
Minimum Spanning Tree approach
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 Can we identify selection biases from projection? 

3D set
selection

2D set
selection

T. Roland, 
in prep.



MST-selected stars: bound systems, 2D vs 3D
Convert LOS velocity dispersion to mass: η-factor

Exploring morphology using the 
Minimum Spanning Tree approach
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Virial Theorem: 
     theory / expectation 

GM2

2rg
= �1

2
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 Can we identify selection biases from projection? 



Compare (in 3D) expectations with selection
Convert LOS velocity dispersion to mass: η-factor

Exploring morphology using the 
Minimum Spanning Tree approach
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T. Roland, 
in prep.
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Compare dynamical masses in projections to  3D 
expectations (2D selection)

Exploring morphology using the 
Minimum Spanning Tree approach
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T. Roland, 
in prep.

Real 
mass 

Mx 2



Compare dynamical masses in projections to  3D 
expectations (2D selection)

Exploring morphology using the 
Minimum Spanning Tree approach

25

T. Roland, 
in prep.
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Part 3
Embedding models in the host galaxy 

becoming a necessity .. 

(thank you Gaia  DR2 ☹)
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Importance of embedding in the host galaxy: 
some challenges ..

R☉ AU pc kpc 100 kpc Mpc

< days yr Myr 100 Myr Gyr > Gyr

Lengths

times

Ramses AMR simulation MW disc
300 Myrs
Florent Renaud (2013++)

Lack of communication between scales ~ pc ⇢ kpc
Both types of simulations have issues (time-stepping, memory size)

SPH simulation SF Region
280 000 years
M. Bate (2008, 11, 13++)

0.5 pc 10 kpc
see 
He et al. 2019 
AMR  r ~ 20 pc 
t ~ 3 Myr 

MHD
(e.g. 

Hennebelle 
et al. 2018

https://www.youtube.com/watch?v=YbdwTwB8jtc
http://www.astro.lu.se/~florent/mw.php
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Combining many orders of magnitude in physical scales

Cases in point :  
Star Forming Region: Orion A, Megeath et al. 2012

Milky Way disc 
scale height h ~ 120 pc

Spitzer 3.6µm 
+ 2mass xtcn

~ 30 pc
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Combining many orders of magnitude in physical scales

Cases in point :  
Star Forming Regions:  Orion A+ Gaia DR2 

623 YSO Gaia-selected with L-excess 
   and σω  / ω  < 0.1 parallax errors

Milky Way disc 
scale height h ~ 120 pc
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Combining many orders of magnitude in physical scales

Cases in point :  
Star Forming Regions:  Orion A+ Gaia DR2 

d ± 20 pc
Menton et al 2007

Far

Close

total length 
of ≈ 90 pc

Shade: 
± σ, 2σ 

10 pc

623 YSO Gaia-selected with L-excess 
   and σω  / ω  < 0.1 parallax errors

Milky Way disc 
scale height h ~ 120 pc
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Combining many orders of magnitude in physical scales

Cases in point :  
The tidal tales of Hyades cluster  from Gaia DR2 

Meingast & Alves 2019

Anticipated by e.g. Chumak et al. 2005, Ernst et al 2011

Sun

S. Röser et al. 2019
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Importance of embedding in the host galaxy: 
some challenges ..

R☉ AU pc kpc 100 kpc Mpc

< days yr Myr 100 Myr Gyr > Gyr

Lengths

times

Ramses AMR simulation MW disc
300 Myrs
Florent Renaud (2013++)

Lack of communication between scales ~ pc ⇢ kpc
Both types of simulations have issues (time-stepping, memory size)

SPH simulation SF Region
280 000 years
M. Bate (2008, 11, 13++)

0.5 pc 10 kpc
see 
He et al. 2019 
AMR  r ~ 20 pc 
t ~ 3 Myr 

MHD
(e.g. 

Hennebelle 
et al. 2018

Hya.Pleia.

Far

10 pc

Ori. A

https://www.youtube.com/watch?v=YbdwTwB8jtc
http://www.astro.lu.se/~florent/mw.php
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Combining many orders of magnitude in physical scales

Anchoring a filament to the background rotation pattern : tbc .. 

Credits: 
J. Dorval
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Combining many orders of magnitude in physical scales

Anchoring a filament to the background rotation pattern : tbc .. 

Kuhn et al. 
2014Credits: 

J. Dorval



Summary / Thanks!
• Young clusters (open, rich) start out with odd geometry 

and sub-virial global velocities  

• They should mix quickly yet have time to form stars first .. 

• The stellar clumps are top-heavy with respect to field 
stars ;  

• Strong biases in projection: up to factor 2 error in mass 
estimates 

• Extinction maps scaled down to map out the low-mass 
stars, explore morphology, dynamics: tightening of B’s ? 
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The predictive power of     
        computational astrophysics 
                        as a discovery tool 

Strong gravity - Large-scale structure & galaxy formation - Star formation & interstellar medium  - Stellar 
evolution, supernovae - Solar & exoplanetary systems  - New computational tools & data mining
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