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Clusters of high-masé rotostars:
From extreme clouds to minibu¥stsiof star formation
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™ 1 Short introduction

2. Cloud: Where do high-mass star clusters form?
in dense, massive, and dynamical ridges or hubs

3. Clusters: Are they different when they form in ridges/hubs?
protostars fed from large-scale
large SFE/SFR

4. Conclusion, warnings, and future work...
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Tight link between clouds and protostars
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Spectral energy. dlstrlbutlon of\!_ngh-mass ‘progemtors

Lbol = 379 Lsun

EREESEE Herschel/PACS and SPIRE cover
their SED peaks (10-50 K).

Herschel Submm telescopes & arrays probe
clouds and protostellar envelopes.

MODEL: Graybody (8 = 1.5, T = 23 K)
+ Blackbody (T = 100 K)

Spitzer traces heated envelopes and

ALMA

Submm facilities Hil regions.

Freuenee [GHZ L™ T3 ' .
Thermal dust emission is mostly optically thin at A > 100 um

= Accurate measurements of the gas mass reservoir associated with star formation
(Herschel N\, maps, see Hill et al. 2009, 2011)

* Herschel/HOBYS traces ~0.1 pc massive dense cores

* (Sub)mm interferometers trace ~0.01 pc individual protostars
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Different cloud structures formilow- & high-mass stars
L 1 M R 'y -

* Disorganized network of filaments versus single dominating ridges

N

« High-mass stars fojm preferentially in ridges, high-coldmn density (Av > 100
mag), elongated clpud structures dominating their surrpunding.

N,;, map of Vela D
Hill et al. 2011

low-mass protostars
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Ridges/Hubs are extreme clumps
forming clusters of high-mass stars
Has, ¥ ESRE. & e
* ~50% of the high-mass stars form in clusters within high-density elongated
ridges, the other 50% form in spherical high-density hubs

= Ridge/Hub definition: 5-10 pc? /1 pc? above 10*-10> cm

-J i e K
W43-MMT1, MM2 ridges 1 rSpitzer IRDC hub

- ;< . -
We use the 100 A, _ S ) I :
level to identify them n Q B

but it is not a

1 WR cluster

physical threshold.

See also Hill+ 2011,

Nguyen Luong+ 2011,
Hennemann+ 2012, [ 350 um
Didelon+ 2014, ... L e

- Nguyen Luong et al. 2013

falias .’ ““Fe_ .
SDC335; Peretto et al. 2013
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Most ridges/hubs should form by cloud global collapse
\",“_ . . n " o

 Forced-fall (pressure-driven-infall) of the DR21 ridge further fed by filaments.

22 23 24

10 10 10

| Gas flows along sub-filaments Global infall

"a 0.2-1 km/s
" infall speeds

-

) -

& Ny, > 102 cm2, 15 000 Mo,
i 5pci, <n> ~10% cm” LM

Schneidel?et al. 2010

Hennemann, Motte, Schneider et al. 2012 -
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 Similar kinematics found for other ridges/hubs (Peretto et
al. 2013, 2014; Beuther 2012; Kirk et al. 2013...) o ¥4 06 08 1
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Ridges are braids of fiig_ments/layers

BN S e -
6 offset [""]

erterferometric images in N,H*, NH3 or HN'3C 02100 g,
display several pc filaments along ridges. | w

Henshaw et al. 2043, 2014 IS o s Vst

Galvan-Madrid et al. 2010

W43-MMT1 ridge

Louvet et al. in prep.
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| 45.4, 46,

M&@E%@
see also Tackenberg+ 2014 HERD
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Velocity shears onto hlgh-mass protostellar cores

N R

Organized 0.05 pc flows in H3CO™* or N,H* displaying shears at the location of

high-mass protostars (Csengeri et al. 2011a, 2011b).

8.1 Mg

/63M
Tl T

~3000AU
&

PdBI Imm

Consistent with numerical simulations by Smith et #
al. 2011, 2012. \

Dec [J2000]

42°22'20"

Consistent with shock tracers
(Csengeri et al. 2011b; Jiménez-Serra et al. 2011;
Nguyen Luong et al. 2013; Sanhueza et al. 2013; ...)
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Herschel/HOBYS measures “lnstantaneous” SFE/SFR

RN A

Making a direct link between protostars and their cloud, Hersche/
measures instantaneous SFE,

easier to compare with statistical models of SFR (e.g.Krumholz &
McKee 2005; Padoan & Nordlund 2011; Hennebelle & Chabrier 2011,

2013; Federrath et al. 2012).

Herschel or (sub)millimeter samples of protostars (lifetime ~10°
yr) (e.g. Motte et al. 2003; Nguyen Luong et al. 2011a; Louvet et
al. 2014) => “Instantaneous” / ""Present-day”” SFR

Spitzer sample of pre-main sequence stars (lifetime ~10° yr) or
effect of OB stars (depletion time 2 x 10° yr) on the cloud (e.g.
Heiderman et al. 2010; Kennicutt 1998)

=> “Integrated” / ""Past” SFR

With both SFRs, one may constrain the history of star formation...
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Mini-starburst cluster in the G035.39-00~33 ridge
¥ . R S &

m » Herschel census and SED (4um-1mm):

Herschel: Nguyen-Luong et al. 2011a

Contours: SiO from ]lmenez Serra et al. 2010 [ = 5 high-mass class O protostars or 20

S i i | protostars with 2 Mg on the main seq.
(1)

Assumptions:

Core-to-star mass efficiency: € ~
20-40% in 0.1 pc 10° cm-3 dense cores

Protostellar lifetime: 10° yr of IR-
quiet/Class0-like massive protostars

South Fast episode of cloud formation: 1-3
| 106 yr

Kroupa IMF applied to the ridge

= A mini-burst of SF (SFE ~20%, SFR~300 #

| | — SIS Mg/Myr, 40 Mg/yr/kpc? within 8 pc?)
70 pun protostellar systems | A ‘
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Ridges/hubs represent Galactic mini-starbursts

Schmidt-Kennicutt diagram s = mlhn

% DR21 SI—-—. Starburst quadrant:

G035.09—00.33 .
W43—Main . ESFR > 1 M@/yr/kpC2

O Normal galaxies

&®tarburst galaxies

2., > 100 Mg/pc?
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S -ral o €he ."'»'A_n\
pi OB .

Figure adapted from Motte et al. 2003; Nguyen Luong et al.
2011a, in prep., and Hennemann et al. in prep..

These pioneering studies need to be generalized...
Caveats: Core-to-star formation efficiency assumed to be constant

Extrapolation of a standard IMF to mini-starburst ridges
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Clusters of low- to hlgh-mass protostars

176 M, M ~—

6 M,

9 M 5 0.02 pc high-mass protostellar cores
2

cw
® .. Mass segregation
.

CFE = Mass within protostellar cores /

Y Mass of the surrounding clump
76M ~ Bontemps B ~__ Bontempsetal. 2010 |
| NG63 ol

°:
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Are thresholds and constant SEE correct?
et : . < e
o5 Bt
Lada et al. (2010, 2012) relation between SFR and eloud mass implicitely

assumes a constant SFE in regions above the SF threshold (A ,> 8 mag). See also
Evans et al. 2014, André et al. 2014, ... and SFR theoretical models.

s . -
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IRAM Plateau de Bure Louvet et al. 2014

census of protostars in
the W43-MMT1 ridge

- finds the most massive
classO-like protostar:
NTa: 1100 Mg 0.03 pc

- investigates SFE
within subregions
A B, C D

-2
R.A. offset (")
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Are thresholds and constgni SFE correct?

o5 : M k-

SFE measured within the W43-MM1 ridge and in numerical simulations
increases with ny, (Louvet et al. 2014).

-t PN

. , 100 .
In conttadiction with - W43-MMT1 ridge Louvet et al. 2014 -

Lada’s 2010/2012 . and numerical
|

T . simulations
rescription...
P P vs Lada’s

In agreement with - prescription
previous CFE studies [

(Bontemps et al. 2010,

Palau et al. 2013)

Cloud density sets SFE ,
and the mass of the [ c
most massive stars that

will form.

SFE-Method-1 ——+
SFE-Method-2

09 +/- 5%

=2

Fit Method-1 as p

. 087 +/-0.13
last data from lan (p )

05
Ny, (cm-3) 10

= Environment matters!
—

R £ _,-l‘k \.‘ :

»
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Constraining statistical theories;of SFR on W43-MM1...
‘\ : . A 2
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. Louvet, Motte, Hennebelle et al. 2014

- Statistical models of SFR

Il suggests saturation at low

B ? d virial numbers (Krumholz

& McKee 2005; Padoan &

Nordlund 2011;
Hennebelle & Chabrier
2011, 2013; Federrath et
al. 2012).

W43-MM| i ]

- Inconsistent with

S"‘R S 1 65 4/-021 R 3
if &5 Gyje il observations in W43.
KM05 —— |
PNI11
HC11 : —=> Multi-freefall models

Stable cloud  Collapsing cloud'or cores [ EGEUREEICEE IR

| ()

107 10 10

Federrath et al. 2012) with
more realistic cloud

10 107

<€

— el
Qyir = Og X Rnuage
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structure should be more
adequate...
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1.

MHD turbulent shocks build-up
filaments that gently accrete from
their surrounding.

Gravity braids filaments in a
collapsing clump attracting more
filaments.

Stars and filaments simultaneously
form and grow. In these
environments protostellar accretion
is non-local & anisotropic.

The stellar content (higher mass star,
SFE?, IMF?) of a cluster depends on the
density and kinematics of its parental
cloud.
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Conclusmn, warnlngs, and future work
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Proposed steps toward SF in ridges/hubs

AL
= The formation of mini-starburst

clusters is different from that of
low-mass star clusters.

But rough assumptions:

* unknown core-to-star mass
efficiency
IMF applied to ridges
approximate protostellar lifetime

and often lack of angular resolution
and kinematical data.

Need ALMA data and SF models
adequate for ridges...
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