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I.  Defini0on%and%global%
proper0es%

•  Defini0on%and%descrip0on%
•  Dynamical%state%
•  Dis0nct%modes%of%star%forma0on%?%
•  Dissolu0on%into%the%field,%0mescales%
•  Membership%studies:%HR%diagram%+%biases%



Defini0on%
Physically%associated%groups%of%young%(pop.%I)%stars,%moving%
together%through%the%Galaxy,%and%sharing%the%same%origin.%
•  Open%cluster:%clear%concentra0on%of%young%stars%above%the%

surrounding%stellar%background,%gravita0onally%bound%
•  Associa0on:%unbound%group%with%higher%than%normal%density%

of%a%given%OWB%stars%or%TWTauri%stars%(OB%/%T%–%associa0ons)%
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Open%Clusters%
•  Located%in%the%disk%of%our%Galaxy%
•  Young%stars%(Popula0on%I,%metallicity%~solar)%
•  10%to%104%stars%per%cluster%
•  ~%1W10%pc%in%diameter%(no%strong%correla0on%with%number%of%

members,%nor%age)%
•  Average%star%density%~%0.1%to%10%stars/pc3%
•  Loosely%bound,%stay%together%for%<108W109%yr%
•  Irregularly%shaped%
•  ~%3000%known%in%the%Galaxy%(but%a%lot%more%to%be%found%–%

maybe%up%to%105%in%the%Galaxy)%
•  Examples:%Pleiades,%Hyades,%Praesepe…%



Catalogs%(not%complete…)%

•  Lund%catalog%(Lynga%1982,%1987,%Janes%&%Adler%1982,%Janes%et%al.%1988):%
~1200%clusters%

•  WEBDA&database&(Mermilliod%1995):%photometry,%spectroscopy,%
bibliography%+%specific%informa0ons%

•  Baumgardt%et%al.%(2000)%based%on%Hipparcos:%~200%clusters%
•  Lok0n%et%al.%(2001,%2003,%2004)%based%on%Tycho2:%~350%clusters%
•  DAML02&catalog&(Dias%et%al.%2002W2014)%)%based%on%Hipparcos%+%Tycho2%+%

UCAC4:%~2200%clusters%with%diameters,%distance,%age%+%ppm,%Vrad,%
metallicity%(hhp://www.wilton.unifei.edu.br/ocdb/)%%

•  Catalogue%of%Open%Cluster%Data%(COCD,%Kharchenko%et%al.%2005,%2004)%
based%on%ASCCW2.5,%Hipparcos%+%Tycho:%~650%clusters%with%distances,%
mo0ons,%sizes,%ages,%luminosi0es%and%masses,%complete%up%to%~800pc%

•  SAI%Open%Clusters%Catalog%(Glushkova%et%al.%2010;%hhp://ocl.sai.msu.ru/):%
~200%clusters%

•  Milky%Way%Star%Clusters%(MWSC,%Kharchenko%et%al.%2013,%2012)%based%on%
PPXML:%~2800%clusters%with%size,%proper%mo0on,%distance,%colour%excess,%
age%+%Vrad;%complete%up%to%1.8kpc%for%log%t%<9%



Distribu0on%in%the%galac0c%disk%
Distribu0on%of%DAML%open%clusters%in%the%XYWplane%centered%at%the%
loca0on%of%the%Sun%(Piskunov%et%al.%2006)%

Complete%to%~850%pc%
%
Fluctua0ons%in%the%spa0al%
and%velocity%distribu0ons%
!%3%cluster%complexes%



Distribu0on%of%MWSC%clusters%in%the%XYWplane%centered%at%the%
loca0on%of%the%Sun%(Kharchenko%et%al.%2013)%

open%cluster%
globular%cluster%

~2800%clusters%
%
Complete%to%~1.8%kpc%
%
Es0mated%number%of%
~105%open%clusters%in%
the%Galac0c%disk.%%



Height%scale%

Rela0vely%flat%distribu0on%
hZ#=#56%±%3%pc%%(Piskunov%et%al.%2006)%

Z0=%W22%pc%%

Blue%crosses:%Distribu0on%of%all%MWSC%
open%clusters%and%candidates%in%Galac0c%
coordinates%(Scholz%et%al.%2015)%%



ASTRONOMY:%A%Beginner's%
Guide%to%the%Universe%4th%
Edi0on;%Chaisson%&%McMillan%



Global%proper0es%

(256%clusters,%Piskunov%et%al.%2006)%

Orion%SF%complex%

(MWSC,%Kharchenko%et%al.%2013)%

log%t%<%7.9%
7.9%<%log%t%<%8.3%

8.3%<%log%t%<%9.0%
9.0%<%log%t%%

Open%cluster%surface%density%Σ%vs%projected%distance%to%the%Sun%dxy%%

Apparent%lack%of%>1Gyr%cluster%near%the%Sun%:%
larger%scale%height%or%artefact%(e.g.%Schmeja%et%al.%2014)%



Metallicity%distribu0on%

(Lépine%et%al.%2011)%

8.5%kpc%
Abrupt%decrease%of%
metallicity%around%
8.5kpc,%corresponding%
to%the%corota0on%
radius%of%the%main%
spiral%structure.%
%
Void%of%gas%ac0ng%as%a%
barrier:%gas%chemical%
evolu0on%independant%
on%each%side.%



Age%and%distance%determina0on%
•  Sta0s0cal%measurement:%
Isochrone%fiwng%!%age,%distance,%ex0nc0on%and%metallicity%
e.g.%τ2%fiwng%(Naylor%&%Jeffries%2006),%
CrossWentropy%op0miza0on%%
(Monteiro%et%al.%2010,%2011,%%
Dias%et%al.%2012)%

•  Individual%measurement%on%cluster%members:%
Parallaxes%!%distance%
Lithium%deple0on%boundary%!%age%

Model%(DAM97,%
fb=0.5,%Δmag=0.1)%

Fit%to%
NGC2547%

(Naylor%&%Jeffries%2006)%



Age%distribu0on%

<850%pc%sample%(Piskunov%et%al.%2006):%
•  Mean%age%of%local%clusters:%~200%Myr%
•  Cluster%life0me:%322%±%31%Myr%%%



Radius%distribu0on%

(PortegiesWZwart%et%al.%2010)%

•  Half%mass%radius%
between%~1W10%pc%

%
•  Mean%radius%~2%pc%
%
•  No%correla0on%with%

mass%nor%age%



Mass%determina0on%
Cluster%mass%determina0on:%
•  Sum%up%individual%cluster%member%masses%:%requires%a%

complete%census)%
•  «%Virial%»%masses%es0mated%from%radius%and%velocity%

dispersion%:%requires%accurate%σv%
%
•  «%Tidal%»%masses%(King%1962)%:%requires%accurate%0dal%radius%

es0mate%

Mvir =
RσV

2

G

Mtidal =
4A(A−B)rt

3

G



Cluster%mass%func0on%

α≈2%

Present%day%mass%func0on%
of%Galac0c%open%clusters%
based%on%440%local%clusters%
(magWlimited%sample,%
Piskunov%et%al.%2008):%
%

! dNc/dMc%~%Mc
Wα%with%α≈2%

%

!%Average%mass%~700%Msun%



Associa0ons%
•  Located%in%the%spiral%arms%of%our%galaxy%
•  Young%stars%(Popula0on%I,%metallicity%~solar)%%
•  ~%10%to%1000%stars%per%associa0on%
•  ~%100%W%200%pc%in%diameter%
•  Star%density%~%0.01%stars/pc3%
•  Gravita<onally&unbound,%disperse%rapidly%
•  Irregularly%shaped%
•  ~%80%known%OWB%associa0ons%in%the%Galaxy%
•  Complete%census%of%faint%members%difficult%due%to%their%

diffuse%nature%
•  Examples:%Orion%OWB%Associa0on,%TW%Hydra,%β%Pic%



PreWHipparcos%OB%associa0ons%

Kinema0cally%detected%OB%
associa0ons%by%Hipparcos%within%
1kpc%(de%Zeeuw%et%al.%1999)%

OB%associa0ons%



Loose%nearby%associa0ons%

(Torres%et%al.%2008)%

x%



Distance%of%nearby%associa0ons%
•  Members%of%nearby%associa0ons%can%be%spread%all%over%the%

sky%and%may%not%share%the%same%distance%(distance%range%~%
mean%distance)%

!%Need%for%individual%parallax%measurement%



Age%of%nearby%associa0ons%
•  Isochrone%fiwng%on%distance%corrected%HWR%diagram%
•  Lithium%deple0on%boundary%%
•  Kinema<c&age:&traceback%analysis%to%find%the%0me%when%

members%were%closest%
–  Beta&Pic:%kinema0c%age%13W58%Myr%(Mamajek%&%Bell%2014)%%
–  TWA:%kinema0c%age%~7.5Myr%+/W%0.7%Myr%(Ducourant%et%al%2014)%%
However%Weinberger%et%al.%(2013):%no%common%forma0on%point%!%
formed%from%an%extended%filament,%not%necessarily%coeval%(3W23%Myr)%

Ducourant%et%al.%2014% Weinberger%et%al.%2013%



Moving%groups%
•  Moving%groups:%stars%sharing%the%same%velocity%but%not%

necessarily%a%common%origin%(e.g.%Hyades%moving%group)%%%%%%%%%
≠%associa0ons%!%

•  Beware%of%older%associa0ons,%e.g.%ABDor%(~120%Myr):%lots%of%
contaminants%due%to%resonant%trap%in%the%Galaxy%(Famaey%et%
al.%2008)%%
!%Need%to%use%other%criteria%than%kinema0cs%to%assess%
associa0on%membership%(e.g.%Barenfeld%et%al.%2013):%chemical%
composi0on,%age,%3D%velocity%
%

In%this%lecture,%I%focus%on%clusters%and%associa0ons%and%always%
assume%that%members%have%the%same%origin.%



Summary%of%average%parameters%

©%Encyclopdia%of%Astronomy%and%Astrophysics,%2001%



Cluster%vs.%Associa0on%
•  Is%there%any%prefered%mode%?%
•  Where%do%the%disk%stars%come%from%?%cluster%or%associa0on,%or%

both%?%
•  Do%clusters%and%associa0ons%form%similarly%but%evolve%

differently%?%
•  Are%associa0ons%formed%from%the%halo%of%embedded%clusters?%
•  Are%clusters%linked%to%associa0ons%via%triggered%star%forma0on%

(e.g.%ρWOph%and%USco)%?%
•  Do%they%form%from%different%physical%condi0ons%(density,%

turbulence,%magne0c%field)%?%
•  How%does%the%cluster/associa0on%environment%affect%the%

stellar%proper0es%?%



How%to%dis0nguish%them%
•  A%cluster%is%virialised%if%2T#+#U#=#0#
•  It%is%bound%if%T#+#U#<#0#

•  Virialized%system:%σV#=#σVvir##!%bound%
•  Subvirial%system:%σV#<#σVvir##!%bound%
•  Supervirial%system:%σV#>#σVvir#!%??%

! Need%to%es0mate%MC%and%RC%%
! and%to%measure%σV%with%a%good%accuracy%(<1km/s)%

U = −
GM 2

R
 and T = 1

2
MσV

2

A system is bound if σV < 2  σV
vir = 2GM

R



Some%examples%
σV%needs%to%be%corrected%from%bias%introduced%by%binaries%(e.g.%
Cohaar%&%HenaultWBrunet%2014,%Cohaar%et%al.%2012)%
•  Westerlund&1&subvirial%(Cohaar%et%al.%2012):%strongly%bound%
•  NGC3603%about%virialized%(Pang%et%al.%2013):%bound%?%
•  IC348%supervirial%but%probably%

bound%thanks%to%the%gas%mass%
(Cohaar%et%al.%2015)%

•  Cyg&OB2&unbound%(Kimiki%et%al.%
2007,%2008;%Wright%et%al.%2014),%
but%no%coherent%expansion%
pahern%on%large%scale%

Cyg%OB2%



Other%diagnosis%
Proposed%dis0nc0on%between%star%cluster%and%associa0on%(Gieles%
&%PortegiesWZwart%2011)%–%useful%if%we%cannot%measure%σV%:%

%π%=%age%/%tcross%>%1%!%cluster%

At%young%ages%(<10%Myr):%
•  Not%a%clear%diagnosis%
•  A%con0nuous%distribu0on%

between%clusters%and%
associa0ons%

%
~10Myr:%development%of%a%gap%



Distribu0on%of%YSOs%
•  Smooth%distribu0on%of%surface%densi0es%
•  No%evidence%for%several%discrete%mode%of%star%forma0on.%Smooth%

transi0on%between%clusters%and%associa0ons%
•  40W90%%of%stars%form%in%clusters%depending%on%the%density%cutoff%
•  <26%%of%stars%in%dense%clusters%affected%by%their%neighbours%

Cumula0ve%frac0on%of%YSO%
(class%I%&%II)%surface%densi0es,%
based%on%a%<500pc%sample%
(Bressert%et%al.%2010)%

3&

~90%&

60&

~40%&



Cluster%dissolu0on%
•  Clusters%are%loosing%stars%and%are%

expanding%and%dissolving%
•  The%distribu0on%of%YSO%surface%

density%distribu0on%can%be%
reproduced%by%a%simple%model%where%
all%stars%form%in%bound%clusters%which%
expand%by%2Wbody%relaxa0on%%

•  Moreover,%a%dissolving%cluster%and%
especially%the%escaped%members%may%
look%like%an%associa0on%

Gieles%et%al.%2012%

!%The%present%day%number%(and%mass)%of%bound%clusters%needs%
to%be%corrected%from%evolu0on%efffect%if%we%want%to%know%
where%the%disk%popula0on%comes%from.%



Dynamical%0mescales%%
Crossing&<me:&
%

•  If%virial%equilibrium:%
%
%%%%%and%
%
For%a%typical%open%cluster:%R~4pc%and%M~1000%Msun%!%tcross~3W4Myr%
%

The%denser%the%cluster,%the%shorter%is%tcross%:%
%

•  Significance:%
–  Time%to%respond%to%the%global%gravita0onal%poten0al%
–  Timescale%to%approach%virial%equilibrium%
–  Timescale%of%orbital%mo0ons%in%virial%equilibrium,%«%mixing%0me%»%
–  For%an%unbound%system,%tcross%corresponds%to%a%dissolu0on%0mescale%

%

tcross =
R
σV
σV =σV

vir ≈
GM
R

tcross ≈
R3

GM
=14.25 R

1pc
"

#
$

%

&
'

3
1Msun

M
"

#
$

%

&
'  Myr

tcross ≈
R3

GM
∝

1
Gρ



Dynamical%0mescales%%
(twoQbody)&relaxa<on&<me:&

%For%a%typical%open%cluster%(N~1000):%trelax%~%15tcross%~%50%Myr%
%But%for%small%groups%(N<100):%trelax%~%tcross%

•  Significance:%
–  0me%to%change%the%star%velocity%vector%by%~%90%deg%
–  Time%such%that%(ΔE/E)star≈1%
–  Timescale%to%transfer%energy%of%orbital%mo0on%

•  Consequences:%
–  Energy%equipar00on:%mi<vi2>%=%mj<vj2>%%
–  Mass%segrega0on:%more%massive%stars%tend%to%have%smaller%veloci0es%

and%sink%to%the%center%of%the%cluster%

trelax ≈ 0.1
N
lnN

tcross



Dynamical%0mescales%
Evapora<on&<me:&tevap%

•  twoWbody%relaxa0on%!%exchange%of%
energy%amongst%stars.%If%at%some%
moment%a%star%becomes%unbound%
(kine0c%+%poten0al%energy%>%0),%it%
will%escape%the%cluster.%
%tevap%~%100%trelax%
%(~1%%of%stars%lost%within%1%trelax)%

•  Evapora0on%accelerated%by%0dal%effect%(e.g.%passages%of%
nearby%giant%molecular%clouds%or%spiral%density%waves)%%
%!%tevap%~%10%trelax%

%

%tevap~%t0(Mi/Msun)0.62%%(Lamers%et%al.%2005,%Gieles%et%al.%2004)%

vesc = 2  vvir



Cluster%mass%func0on%evolu0on%
•  Steepening%of%the%mass%

func0on%with%age%due%to%
stellar%evolu0on%and%
dynamical%evolu0on.%

•  Typical%cluster%mass%loss:%%
%3W14%MsunMyrW1%

%

•  cluster%forma0on%rate:%
%~0.4%kpcW2MyrW1%%

%

Piskunov%et%al.%2008%

log%t#≤%6.9%

log%t#≤%7.9%

log%t#≤%9.5%

α≈1.7%

α≈2%



Where%does%the%disk%come%from?%
•  Assuming%α~2%and%a%mean%cluster%mass%of%~700%Msun,%~10%%of%

disk%stars%were%cluster%members%(Piskunov%et%al.%2006)%
•  Taking%into%account%the%cluster%mass%loss,%and%assuming%α~1.7%

and%an%average%birth%mass%~4500%Msun,%~40%%of%disk%stars%
were%cluster%members%(Piskunov%et%al.%2008)%

•  Lada%&%Lada%(2003):%the%majority%of%stars%form%in%embedded%
clusters%based%on%their%SF%rate%

! ~half%of%the%clusters%do%not%survive%the%embedded%phase%
%
To%be%taken%with%cau0ous:%based%on%a%local%(<1.8kpc)%sample%and%
a%few%1000%clusters%over%~105%expected%in%the%disk.%
Moreover%depends%on%the%embedded%cluster%defini0on.%
%



Analysis%of%cluster%members%
Look%at%their%proper0es%(IMF,%spa0al%distribu0on,%binarity…)%in%
various%environments%to:%
•  Look%for%similari0es/differences%with%the%field%popula0on%to%

know%where%the%disk%stars%are%from%
•  Inves0gate%star%forma0on%varia0on/universality%
•  Study%the%influence%of%neighbours%on%individual%proper0es%
•  Understand%the%cluster%dynamical%evolu0on%
•  …%
%
!&Need&for&clean&and&complete&samples&of&cluster&members&
!&Membership&analysis&(but%be%aware%that%contamina0on%and%
uncompleteness%are%always%present…)&



Summary%of%lecture%1%
•  Open%clusters%and%associa0ons%are%young%(pop%I),%%rela0vely%low%mass%

(10W104%Msun)%stellar%groups%located%in%the%galac0c%disk%
•  They%can%be%used%to%inves0gate%the%galac0c%disk%proper0es%(structure,%

kinema0cs,%metallicity%gradient)%–%but%be%aware%that%we%know%only%a%
limited%sample%%

•  Cluster%catalogs%provide%posi0on,%apparent%extension,%proper%mo0on,%
Vrad,%metallicity%and%es<mate%of%distance,%mass%and%age%

•  Clusters%are%bound%/%associa0ons%are%unbound%
•  Need%very%accurate%σV%to%inves0gate%the%cluster%dynamical%state%
•  Probably%a%smooth%transi0on%between%clusters%and%associa0ons%
•  S0ll%unclear%to%know%what%are%the%cluster/associa0on%contribu0ons%to%

the%disk%popula0on%
•  Is%there%any%prefered%mode%of%star%forma0on%?%
•  How%do%we%go%from%embedded%cluster%to%open%cluster/associa0on%?%



II.  Sta0s0cal%proper0es%of%
young%cluster%popula0on%

•  Membership%analysis%
•  IMF%
•  Mul0plicity%
•  Substructures%(spa0al%and%kinema0cs)%



Membership%criteria%
Clusters:%homogeneous%popula0ons%
from%low%to%high%mass%stars%(same%
distance,%age,%[Fe/H])%
•  Cluster%locus%in%HR%diagram:%

colour,%luminosity%
•  Spectral%type%
•  Youth%indicators:%gravity%sensi0ve%

spectral%features,%Lithium,%ac0vity%
•  Kinema0cs:%Vrad,%proper%mo0on%



Proper%mo0on%
•  Star%clusters%require%a%low%velocity%dispersion%for%%
their%survival%(δv%=%1%km/s%gives%%δd%=%1%pc%in%1%Myr)%
•  Typical%%σV%~%1%km/s%!%cluster&members&have&essen<ally&the&

same&space&mo<on&V&=&(Vrad,&VT)&even&aZer&escaping&the&cluster&
•  Proper%mo0on:%μ#=#VT/%4.74%d#
%%%%%where%VT%is%the%transverse%velocity%and%d%is%the%cluster%distance&
!%Powerful%tool%for%membership%IF%the%cluster%has%a%large%mo0on%

C%

VT%

V%

Convergent&point&analysis:&
Depth%effect%implies%proper%mo0on%
gradient%from%front%to%back.%Mo0ons%
appear%to%converge%to%a%point%in%the%sky%



Vrad%in%Orion%

•  Vrad%useful%to%dis0nguish%
regions%(e.g.%in%Orion)%and%
iden0fy%members%(VLT/
FLAMES,%MMT/Hectochelle,%
accuracy%~1km/s)%

OB1b%/σ%Ori%
OB1a%

λ%Ori%%

(Jeffries%et%al.%2006,%Briceno%et%al.%2007,%
Maxted%et%al.%2008,%Sacco%et%al.%2008)%

λ%Ori%

σ%Ori%

25%Ori%



On%the%«%oldWfashioned%»%(but%s0ll%fine)%
method%to%find%members%%

1W%Photometric%selec0on%
of%cluster%members:%
%
%
%
%
%
%
%
2W%Confirma0on%of%candidates%status%:%
%followWup%observa0ons%to%confirm%membership%

e.g.%Blanco%1%
(Moraux%et%al.%2008)%



What%we%thought%could%be%a%beher%way…%

Membership&probabili<es%(Sanders%1971)%
%
%%
%
But%contrast%with%field%decreases%at%
fainter%magnitude%!%a%single%probability%
cut%at%all%mag%misses%faint%members%
%
Disentangling%bonaWfide%low%luminosity%
cluster%members%is%challenging%%
!%contamina0on/uncompleteness%

NGC3766%(Yadav%et%al.%2013)%

cluster%distribu0on%

field%+%cluster%distribu0on%



«%Modern%»%methods%
Bayesian&analysis&(e.g.%Sarro%et%al.%2014,%Malo%et%al.%2013,%Rizzuto%et%al.%2011)%
based%on%posi0ons,%proper%mo0ons,%magnitudes,%colors…%
•  Full%treatment%of%uncertain0es,%censored%data%
•  Use%of%empirical%sequences%(using%principal%curve%analysis)%
•  Coherent%and%homogeneous%membership%probabili0es%
•  Scalable%to%more%dimensions:%Vrad,%variability,%chemistry,%

rota0on%…%



Example%on%the%Pleiades%
Proper%mo0on%study%from%the%DANCe%project:%
•  15%yr%0me%baseline%using%all%archival%data%(9%instruments)%
•  Very%accurate%proper%mo0on:%<1mas/yr%down%to%i~23%(Bouy%et%al.%2013)%



Example%of%the%Pleiades%

(Sarro%et%al.%2014)%



Example%of%the%Pleiades%
~2100%members%
50%%more%than%previous%
studies%even%though%the%
Pleiades%has%been%
intensively%studied%!!%

(DANCe%project;%Bouy%et%al.%2015)%



IMF%



Introduc0on%

•  Ini0al%Mass%Func0on:%rela0ve%number%of%stars%
at%birth%as%a%func0on%of%their%mass%

%
!%Product%of%star%forma0on%process%
! %Structure%and%evolu0on%of%galaxies%
! %Evolu0on%of%clusters%

Recent%reviews:%Bas0an%et%al.%2010,%Jeffries%2012,%Kroupa%2012,%
% % % %%Luhman%2012,%Offner%et%al.%2014%



Usual%func0onal%forms%
•  PowerWlaw:%
Or % % % % % % % % % % %with%α%=%Γ+1%

%Salpeter%1955:%α%=%2.35%(Γ%=%1.35)%
%Kroupa%2001:%segmented%powerWlaw%

•  LogWnormal: % % % % % % % % %Miller%&%Scalo%79%
%Chabrier%2005:%logWnormal%+%Salpeter%above%1Msun%

%
•  Tapered%powerWlaw:%

%De%Marchi%et%al.%2005%

See%also%e.g.%Cartwright%&%Whitworth%2012,%Maschberger%2013,%Basu%et%al.%2015%



Usual%func0onal%forms%

Offner%et%al.%2014,%PPVI%



Methodology%
1.  Determina0on%of%the%luminosity%func0on%(LF)%
–  Take%your%favorite%cluster%member%sample%
–  Assess%contamina0on%and%completeness%%
–  Correct%for%ex0nc0on%if%necessary%

2.  Convert%LF%to%Present%Day%Mass%Func0on%(PDMF)%
–  Depends%on%distance,%age,%ex0nc0on%law%
–  Convert%spectral%type%to%temperature%
–  Convert%magnitudes%to%luminosity%(with%distance%and%BC%

correc0on)%
–  Convert%Teff%and/or%Luminosity%(HR%diagram)%to%mass%%

3.  Convert%PDMF%to%IMF%
–  Correct%for%star%forma0on%history,%stellar%evolu0on,%dynamical%

evolu0on%
–  (Correct%for%binarity)%



Observa0onal%uncertain0es%
on%the%luminosity%func0on%(LF)%

•  Contamina<on%of%photometric%surveys%by%field%stars%
(dwarfs,%giants)%and/or%extragalac0c%objects%
(galaxies,%quasars)%

•  Uncompleteness%of%magnitudeW%and/or%volumeW
limited%surveys,%%in%par0cular%when%the%ex0nc0on%is%
spa0ally%variable%%

•  Biases%(Malmquist,%mass%segrega0on)%and % % %%
low&number&sta<s<cs%(Poisson,%binning)%

•  Mul<plicity,%crowding,%missed%objects%(e.g.%near%
bright%stars)%%



Theore0cal%uncertain0es%on%the%present%
day%mass%func0on%(PDMF)%

•  MassQluminosity&rela<onship:%LF→PDMF%
– ModelWdependent%(e.g.%ONC,%Da%Rio%et%al.2012)%



Theore0cal%uncertain0es%on%the%present%
day%mass%func0on%(PDMF)%

•  MassQluminosity&rela<onship:%LF→PDMF%
– ModelWdependent%(e.g.%ONC,%Da%Rio%et%al.2012)%
–  Age%and%distance%dependent%(e.g.%Scholz%et%al.%2013)%

Default%parameters%for%IC348%&%NGC1333:%3%Myr,%300pc%



Theore0cal%uncertain0es%on%the%present%
day%mass%func0on%(PDMF)%

•  Rota<on&can%inflate%the%radius%and%and%affect%the%luminosity%&
•  Magne<c&ac<vity%(chromosphere,%cool%spots)%inflates%the%radius%

and%reduces%Teff%(hence,%mass%es0mate)%of%low%mass%stars%%(e.g.%
Mohanty%et%al.%2009,%Stassun%et%al.%2012,%2014)%

UpperSco%(Stassun%%et%al.%2014)%



Theore0cal%uncertain0es%on%the%present%
day%mass%func0on%(PDMF)%

•  Accre<on&history%may%affect%the%early%evolu0on%(<10Myr)%of%
young%stars%(cf.%Baraffe%et%al.%2009)%

–  %α<<1:%most%accre0on%energy%is%radiated%away%

–  %α=1:%accre0on%energy%is%absorbed%by%the%protostar/BD%

Models%suggest%that%accre0on%may%affect%the%early%evolu0on%of%
lowWmass%stars%and%BDs&prior%to%10%Myr%only&if&α<<1%

Different%luminosity%!%different%mass%es0mate%



Theore0cal%uncertain0es%on%the%IMF%
(PDMF%!%IMF)%

"  Star%forma0on%rate%assump0on%to%correct%the%field%PDMF%
"  Stellar%evolu0on:%death%of%high%mass%stars%
"  Dynamical%evolu0on%due%to%2Wbody%interac0on%in%clusters:%

!%Mass%segrega0on:%
%Deficit%of%low%mass%objects%in%cluster%center%compared%to%
peripheric%area%(to%be%accounted%for%in%the%cluster%MF)%

!%Preferen0al%loss%of%low%mass%members:%
%Deficit%of%low%mass%stars%and%BDs%in%dynamically%relaxed%
clusters%(age%>%tdyn%=#(N/8lnN)#R/σv)%:%characteris0c%mass%
shiêed%to%higher%value%



Evolu0on%of%the%cluster%MF%
%Dynamical%evapora0on%of%
VLM%stars%and%BD%

Adams%et%al.%2002%

Pleiades&

Hyades&

Frac0on%of%BD%vs.%0me%(Nbody%models)%

NGC&2516&

M35&

in prep) � 



De%Marchi%et%al.%2010%

MF%peak%mass%as%a%func0on%of%0me%

What%mahers%is%
the%cluster%age%
rela<ve&to&its&
dynamical&<me&&
&
Dense%clusters%
evolve%fast%
%
as%well%as%lowWN%
clusters%(N~10)%
trlx#=#(N/8lnN)#R/σv#



Bas0an,%Covey,%Meyer%2010%

Is%there%any%evidence%for%
varia0ons%of%the%lowWmass%

IMF%in%the%MW%?%



The%Pleiades%:%a%benchmark%cluster%%

System&MF&&&&&&&
(unresolved%binaries)%%

mc&=&0.25&Mo&&&&&
σ&=&0.52&

Lognormal%fit%:%%

0.01%% %%%0.05%%%%%0.1 %%%%%%%%%%0.5%%%%%%%1 % % %5%Mo%

Lithium&age&=&125&+/Q&8&Myr&
(Stauffer%et%al.%1998)%

Distance&=&120Q130&pc&

Star&/&BD&boundary&@&I&~&17.8&mag&
(Bouvier%et%al.%1998)%

(See%also%Lodieu%et%al.%2012%and%Bouy%et%al.%2015)%



Young%Open%Cluster%PDMF%
System&MF&
(unresolved%binaries)%

All%observed%YOC%MFs%
consistent%within%errors%
with%Pleiades%lognormal%
fit%in%the%mass%range%
~0.03Q2.0&Mo&

mc&~&0.25&Mo&&&&
σ&~&0.5Q0.6&



Combining%the%YOC%MFs%
System&MF&&

(unresolved%binaries)%

Same%group%%

Same%instrument%

Same%analysis%

Same%correc0ons%(e.g.%
mass%segrega0on)%

Same%models%for%MWL%
rela0onship%

(Same%referee%?)%

Allows%the%deriva0on%of%an%
internallyWconsistent%MF%for%

young%open%clusters%



A%logWnormal%fit%to%the%YOC%MF%

Best&fit&:&&&M0&=&0.32Msun&&&&σ&=&0.52%

Formal%1σ%uncertain0es%%%%%%%%%%%%%%%%%%%%%%
M0%=%0.25W0.40%Msun%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

σ%=%0.43W0.70%

(system%MF%over%the%mass%range%from&0.045&to&2.0&Msun)%

(Pleiades%+%Blanco%1%+%IC%4665)%

2.0&Msun%
0.045&Msun%



SFRs%MF%

Similar&MF&for&0.03&–&3&Msun&
(consistent%with%the%Pleiades%
given%the%uncertain0es)%

System&MF&&
(unresolved%binaries)%

Offner%et%al.%2014,%PPVI%

mc&~&0.25&Mo&&&&
σ&~&0.5Q0.6&

!&A&universal&IMF&
down&to&0.03&Msun&?&



Taurus%

Pleiades%

Excess%of%lateWK,%
earlyWM%stars%
(adapted%from%
Luhman%2012)%

Taurus%



The%lower%MF%

Hint&for&varia<ons&at&lower&
masses&(<30&Mjup)&?&&

System&MF&&
(unresolved%binaries)%

30%Mjup%

Issues:&

Residual%contamina0on%?%
Incompleteness? % % % %%%%
Mass%segrega0on%?%%%

Uncertain&massQluminosity&
rela<onship&at&very&low&masses&
and&young&ages&

Offner%et%al.%2014,%PPVI%



Hint%for%varia0ons%below%0.03Msun?%

Peña%Ramírez%et%al.%2012,%ApJ,%754,%30%%
Lodieu%2013,%MNRAS,%431,%3222%

Upper%Sco%
σ%Ori%



Young%massive%clusters%
•  Arches,%Quintuplet,%Westerlund%1:%MF%determined%for%
m%>%1Msun%(e.g.%Habibi%et%al.%2012,%Lim%et%al.%2013,%Hussman%et%al.%2012)%

•  NGC3603:%no%turnover%before%0.4Msun%(Γ%~%0.7%–%0.9%;%
Harayama%et%al.%2008,%Stolte%et%al.%2006)%

•  Tr14:%turnover%at%0.5Msun%(Rochau%et%al.%2011)%

50%%completeness%

NGC3603%

Tr14%



Galac0c%bulge%and%gobular%clusters%
•  Bulge%MF%consistent%
with%disk%(Calamida%et%al.%2015)%

•  Similar%results%for%GC%%
(e.g.%NGC2298,%NGC6712,%De%Marchi%
et%al.%2007)%

•  But%very%small%mass%
range:%0.2W0.8%Msun%

%

Calamida%et%al.%2015%

Galac0c%bulge%



Summary%on%the%low%mass%IMF%
•  Lihle%evidence%for%clusterWtoWcluster%varia0ons%(except%
maybe%for%Taurus)%over%the%mass%range%0.03Q1.0&Msun:%

Lognormal%mass%distribu0on%with%mc~0.25Msun,%σ~0.5%%
•  Consistent%with%the%field%MF%down&to&0.1&Msun,%and%
also%perhaps%down%to%0.03%Msun%?%

•  Galac0c%bulge%and%GC%MF%also%similar%for%0.2W0.8%Msun%
!%lihle%effect%of%metallicity%?%

•  Need%more%data%in%young%massive%clusters%(ELTs)%
! A&universal&IMF&at&least&down&to&0.03&Msun&?&
•  Varia0ons%below%0.03%Msun%?%LowWmass%cutWoff%?%



Salpeter&

mc&~&0.25&Msun&&

Γ&~&Q2&–&Q0.4&&?& Γ&~&1.35&

adapted%from%Bas0an,%Covey,%Meyer%2010%

σ&~&0.5&



Mul0plicity%



Mul0plicity%frequency%
•  Outcome%of%star%forma0on%process%
•  Affect%the%single%star%IMF%es0mate%at%low%masses%

•  If%the%IMF%is%universal,%
does%it%imply%the%mul0plicity%%
frequency%is%%also%universal%?%

W1%%%%%%%%%%%%%%%%%%%%%%%%%0%%%%%%%%%%%%%%%%%%%%%%%%%1%

Moraux%et%al.%(2003)%



Visual%companion%frequency%

Duchêne%&%Kraus%2013%

0.1W0.5%Msun%

0.7W1.5%Msun%

0.1W2%Msun%

(10W2000AU)%

The%field%popula0on%does%
not%seem%to%come%from%
low%density%associa0ons%!%



Substructures%



II.  Sta0s0cal%proper0es%of%
young%cluster%popula0on%

•  Membership%analysis%
•  IMF%
•  Mul0plicity%
•  Substructures&(spa<al&and&kinema<cs)&



Spa0al%distribu0on%

MonR2%
(Gutermuth%et%al.%2011)% •  Presence%of%

substructures%

•  Clusters%are%found%in%
the%regions%of%highest%
ex0nc0on%



Spa0al%distribu0on%
CepOB2%
(Gutermuth%et%al.%2011)%

Large%clusters%are%offset%from%ex0nc0on.%OB%stars%have%
already%dispersed%much%of%the%local%natal%cloud%material%



Kinema0c%distribu0on%

NGC2264%(Furesz%et%al.%2006)%



Gamma%Velorum%(Jeffries%et%al.%2014)%%

2&dynamically&independent&popula<ons&
•  Pop%A%:%v=%16.7km/s,%σ=0.3km/s,%~virialized%
•  Pop%B%:%v=%18.9km/s,%σ=1.6km/s,%superviral%

•  Pop%A%=%bound%remnant%of%dense%cluster%?%
•  Pop%B%=%scahered%popula0on%?%Spread%over%several%degrees%(up%to%

NGC2547,%Sacco%et%al.%2015)?%

Pop%A%younger%by%1W2%Myr,%
closer%by%~10pc,%more%centrally%
condensed%around%ϒ2%Vel%



Substructure%characteriza0on%

Minimum%spanning%tree%
(Gower%&%Ross%1969)%
%

•  Q%parameter%:%
(Cartwright%&%Whitworth%2004)%

Q>0.8:%smooth%
Q<0.8:%substructured%
%
•  Cutoff%at%a%given%length%
threshold%to%iden0fy%
groups%(Gutermuth%et%al.%2009):%%
more%massive%stars%tend%
to%be%toward%the%center%

ChaI%
(Kirk%&%Myers%2011)%

Q =
m
s



Source%linkage%diagrams%using%both%the%NN2%links%(top)%and%MST%(bohom),%
using%IRAS%20050+2720%as%an%example%(Gutermuth%et%al.%2009)%



Substructure%evolu0on%

Q%

Q%

Parker%et%al.%2014%

subvirial%

supervirial%

Clusters%
become%
smooth%on%
dynamical%
0mescale%%

Unbound%
associa0ons%
do%not%mix%
globally%



Mass%segrega0on%
•  Primordial%/%dynamical%?%
•  Timescale%for%dynamical%mass%segrega0on%~%trelax%
•  Seen%in%young%clusters%such%as%the%ONC%!%(Hillenbrand%1997)%
•  Mass%segrega0on%can%occur%on%a%dynamical%0me%tcross%if%

star0ng%with%substructures%(Allison%et%al.%2009,%%Vesperini%et%al.%2009)%



Summary%of%lecture%2%

•  A%universal%IMF%down%to%0.03Msun%

•  Where%does%the%field%popula0on%come%from%?%
•  Low%mass%clusters%seem%to%form%as%a%
collec0on%of%stellar%aggregates%

•  Associa0on/cluster%=%evolu0on%of%these%
groups%?%

•  Mass%segrega0on%primordial/dynamical%?%



III.  What%will%we%learn%from%Gaia?%

•  Gaia%mission%
•  Clusters%and%Gaia%
•  Complementary%studies%



Gaia%
•  MicroWarcsecond%global%astrometry%for%~1%billion%stars%down%

to%G~20%mag%
•  +%asteroids,%KuiperWbelt%objects,%quasars,%supernovae,%etc.%
•  5Wyear%mission%
•  3%instruments:%

–  Astrometric%
–  Photometric%
–  spectroscopic%

credit:%EADS%Astrium%

19/12/13:%launch%
18/07/14:%end%of%commissioning.%Gaia%
starts%rou0ne%opera0ons%
12/09/14:%Gaia%discovers%its%1st%supernova%%



•  con0nuously%scanning%!%high%precision%in%the%scanning%direc0on%
•  object%densi0es%up%to%36,000%stars%per%square%degree.%In%denser%

regions,%only%the%brightest%objects%will%be%observed%



Astrometric%instrument%
•  62%CCD%of%4500×1966%pixels%
•  pixel%size%of%10%μm%(59%mas)%in%the%scanning%direc0on%
•  Each%star%will%be%seen%~70%0mes%
•  Posi0on,%parallax%and%proper%mo0on%for%each%object%(G<20)%

1%%precision%up%to%1kpc%

End%of%mission%parallax%error%



End%of%mission%astrometric%
performance%

•  Scanning%laws:%
–  σ0%=%0.743%ò%σπ%
–  σμ%=%0.526%ò%σπ%

•  End%of%mission%skyWaverage%astrometric%performance:%

μas%

μas%

μas/yr%
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Photometric%instrument%
•  blue%(330W680nm)%and%red%(640W1050nm)%photometers%%
•  lowWresolu0on,%spectroWphotometric%measurements%%
•  enable%chroma0c%correc0ons%of%the%astrometric%observa0ons%
•  astrophysical%classifica0on%
•  astrophysical%characterisa0on%

Accuracy%of%AP%es0ma0on%
(BailerWJones%et%al.%2013)%



Spectroscopic%instrument%
•  RadialWvelocity%spectrometer%(RVS),%covering%12%CCDs%(3×4)%
•  highWresolu0on%spectra%for%GRVS%<%16%mag%(~150%million%stars)%
•  radial%veloci0es%using%crossWcorrela0on%technique%
•  astrophysical%informa0on%(reddening,%Teff)%for%GRVS%<%12%mag%
•  element%abundances%for%GRVS%<%11%mag%%(~2%million%stars)%
%

Accuracy%of%AP%es0ma0on%
(BailerWJones%et%al.%2013)%



Gaia%releases%
1.  Summer%2016:%%

–  posi0ons%and%GWmag%for%90%%of%the%sky%(singleWstar%like)%
–  Hundred%Thousand%Proper%Mo0on%(stars%in%common%with%Hipparcos)%

2.  Early%2017:%
–  5%astrometric%parameters,%90%%of%the%sky%(singleWstar%like)%
–  BP/RP%photometry%
–  Mean%RV%(if%no%varia0on)%for%bright%stars%

3.  2017/2018:%%
–  astrophysical%parameters,%binary%orbital%solu0on,%mean%RV%

4.  2018/2019:%%
–  variable%star%classifica0on,%non%single%stars%

5.  2022:%%
–  final%astrometric,%photometric%and%RV%catalogues%for%all%stars%(single,%

nonWsingle,%variables),%exoWplanet%list,%groundWbased%observa0ons%



Clusters%and%Gaia%
•  Iden0fica0on%of%new%galac0c%clusters/associa0ons%
•  Complete%census%of%cluster%members%+%look%for%escapers%%
•  Individual%distance%for%each%member%%
–  beher%HR%diagram%and%constraint%for%evolu0onary%model%
–  3DWview%of%the%cluster,%look%for%substructures%%

•  Proper%mo0on%
–  Dynamical%state%(expansion/contrac0on/virialised)%
–  Rota0on%
–  Kinema0c%structures,%constrain%star%forma0on%
%

!&5&(+1)QD&view&of&nearby&clusters&(<1kpc)&and&galac<c&disk&



Gaia’s%limita0on%
•  Astrometry%limited%down%to%G~20%mag%
•  Cannot%deal%with%ex0nc0on%
•  No%precise%RV%for%G>12%

!%Complementary%data%are%required%for%RV%and%proper%mo0on%
at%fainter%magnitudes%and%in%ex0ncted%regions%



RV%studies%
•  RAVE:%%

–  AAO/UK%Schmidt,%6dF%MOS,%9<I<13%
–  RV%(accuracy:%1W2km/s)%+%stellar%parameters%(Teff,%log%g,%
metallicity)%

•  GES%(GaiaWESO%Survey)%
–  VLT/FLAMES%GIRAFFE%+%UVES%
–  RV&accuracy&~0.3km/s&down&to&V~19&
–  Many%nearby%clusters%

•  APOGEE:%%
–  NIR%spectroscopic%survey%(HWband,%<13%mag)%
–  RV&(accuracy&<150m/s)&+%abundances%
–  INQSYNC&project:%NGC1333%(Foster%et%al.),%IC348,%NGC2264,%ONC%
–  Plan%to%observe%more%clusters%with%APOGEEWII,%including%the%LMC%

+%PI%observa0ons%(VLT/FLAMES,%MMT/Hectochelle,…)%



Complementary%ppm%studies%
•  UKIDSS:%down%to%K~19,%0me%baseline%<5yrs,%accuracy%~5mas/yr%
•  PannQSTARRS:%99%%of%northern%stars%down%to%24th%mag%every%few%

days,%complete%census%within%100pc%%%
•  DANCE:%archival%data%+%new%PI%observa0ons,%0me%baseline%up%to%15%

yrs,%very%accurate%proper%mo0on:%<1mas/yr%down%to%i~23%(Bouy%et%al.%%
2013)%

%
%
%
%
•  PI%observa0ons%(VLT/NACO,%Keck%Laser%guide%stars%AO,%HST%for%

distant%young%massive%clusters)%

%
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Future%facili0es%
•  WHT/WEAVE:%R=5000W20000,%2°diameter,%800%fibers,%2016%
•  VISTA/4MOST:%R=5000W20000,%4%sq.deg.,%2400%fibers,%2018%

•  LSST:%8.4m%telescope,%FOV%3.5°%diameter,%southern%sky,%each%
star%1000%0mes%in%10yrs,%1st%science%in%~2020%

•  EWELT%CAM/MIR%for%distant%young%massive%clusters%

•  Next%astrometric%mission%?%
Proposal%for%an%M4%mission:%Theia%(Gaia’s%daughter)%
FOV%~0.5°,%differen0al%astrometry,%down%to%R~25%
Contact:%Fabien.Malbet@obs.ujfWgrenoble.fr%
%



Conclusion%
•  Gaia%+%followWup%data%will%revolu0onize%our%view%of%
nearby%clusters%(6D%structure%+%internal%dynamics)%

•  Key%to%understand%forma0on%and%evolu0on%of%stellar%
clusters%

•  We%need%to%get%ready%to%interpret%the%coming%data%!%
! sta<s<cal&tools&to%analyse%clusters%in%>6D%dimensions%
(posi0on,%velocity,%photometry…)%

! hydro&+&NQbody&simula<ons&to%follow%cluster%early%
evolu0on%(gas%+%stars)%

%



Young%stellar%clusters%with%ELT/JWST%

Unprecedented%sensi0vity%(ELT,%JWST)%combined%to%spa0al%resolu0on%(ELT)%
! Access%to%crowded/distant%regions%for%the%1st%0me:%test%the%

dependence%on%density%and%metallicity%of%the%star%forming%process%
! Characteriza0on%of%very%faint/mul0ple%objects%become%possible%

•  Center%of%massive%star%forming%regions%
•  Low%mass%popula0on%in%the%LMC/SMC%
•  Small%separa0on%/%lowWq%/%ultraWcool%visual%binaries%in%young%nearby%

clusters%
•  Atmospheres%of%young%planetary%mass%objects%


