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CLUSTER FORMATION: GAS OBSERVATIONS

Sarah Ragan (Cardiff University)
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M51: Hubble + PdBI CO(1-0) emission (blue) PAWS: Schinnerer et al.
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Clouds® Clumps® Cores®
Mass (M) 103 - 10% 50-500 0.5-5
Size (pc) 2_15 0.3-3 0.03-0.2

Mean density (cm—) 50-500 103-10% 10%-10°
Velocity extent (kms~!) | 2 0.3-3 0.1-0.3

Crossing time (Myr) 24 0.5-1
Gas temperature (K) 312

Bergin & Tafalla (2007)
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Ophiuchus

Serpens

Perseus

Spitzer c2d programme: Evans et al. (2009)
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sub-/tran-sonic internal turbulence = cores are bound and pre-
stellar (lifetime: 2-5 x 104 yr)

coherent vt between condensations & interactions unlikely
André et al. (2007)




Image: MIPSGAL 24#fm | HIGAL Z0pum | HIGAL 160pm
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represent earliest phase of
cluster formation
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Infrared-dark “clouds” (IRDCs)
represent earliest phase of
cluster formation

Stage la
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Quiescent Clump with 54 Hm point source
Collapse Signature

Quiescent Clump

Outflow Shocks Produce

"Green Fuzzies"

Stage 2 Stage 3 Stage 4

T.L

Diffuse "Red" Clump  Young, Embedded

(Image Credit: Battersby et al. 2010) C IUSter

Formation of Water
& Methanol Masers

Formation of an UCHII
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Infrared-dark “clouds” (IRDCs)
represent earliest phase of
cluster formation

70um point sources
(Ragan et al. (2012b)

Stage la

(S

S

Quiescent Clump with 54 Hm point source

Quiescent Clump Collapse Signature

Outflow Shocks Produce

"Green Fuzzies"
Stage 2 Stage 3 Stage 4

o N 53 =

Formation of Water £, mation of an UCHII  Diffuse "Red" Clump Young, Embedded

& Methanol Masers (Image Credit: Battersby et al. 2010) Cluster
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Infrared-dark “clouds” (IRDCs) R oozt
represent earliest phase of
cluster formation Stage 1a

-
Gas observations helps us oo QC"; cs:.gapwh 4 it oy
dete rm | ne-: Outflow Shocks Produce

"Green Fuzzies"

Stage 2 Stage 3 Stage 4

Gravitational stability ‘ ‘ Q °°

Formation of Water £, mation of an UCHII  Diffuse "Red" Clump Young, Embedded

& Methanol Masers (Image Credit: Battersby et al. 2010) Cluster

Physical properties

Gas flows (infall / outflow)

Ragan et al. (2006, 2009, 2011, 2012a, 2012b, 2013, 2015)
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RAGAN, BERGIN, & WILNER

THE ASTROPHYSICAL JOURNAL, 736:163 (10pp), 2011 August |

01°3200"
18%55™18* 14* 13 12* 11 10" 09® o8
a (2000)

18"34™M55"5 55%0 54"

Ragan et al. (2011, 2012a)
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see Ballesteros-Paredes (2006)
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Ragan et al. (2012a)

Myir < Ro? ~ 10% — 10° M

see Ballesteros-Paredes (2006)
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Ragan et al. (2012a)

Myir < Ro? ~ 10% — 10° M

M :
N~y — e < 1

see Ballesteros-Paredes (2006)
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Ragan et al. (2012a)

Myir < Ro? ~ 10% — 10° M
Mvir

vir — <1
§ M

IRDCs are unstable to gravitational collapse.

see Ballesteros-Paredes (2006)
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Ragan et al. (2012a)

Myir < Ro? ~ 10% — 10° M

Mvir <1
Qyir — —
M

IRDCs are unstable to gravitational collapse.
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Kauffmann et al. (2013)

see Ballesteros-Paredes (2006)
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Ratio of thermal to non-thermal pressure:

Ry = c;/ater ~ 0.05 — 0.1

Ragan et al. (2012a)
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Ratio of thermal to non-thermal pressure:

Ry = c;/ater ~ 0.05 — 0.1

Non-thermal effects dominate IRDC
kinematics.

Ragan et al. (2012a)



CARDIFF

UNIVERSITY
PRIFYSGOL

(ARRDYD

Ragan et al. (2012a)

Ratio of thermal to non-thermal pressure:

Ry = c;/ater ~ 0.05 — 0.1

Non-thermal effects dominate IRDC
kinematics.

Infall / outflow
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Ragan et al. (2012a)

Ratio of thermal to non-thermal pressure:

Ry = c;/ater ~ 0.05 — 0.1

Non-thermal effects dominate IRDC
kinematics.

Infall / outflow

Rotation
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Ragan et al. (2012a)

Ratio of thermal to non-thermal pressure:

Ry = c;/ater ~ 0.05 — 0.1

Non-thermal effects dominate IRDC
kinematics.

Infall / outflow
Rotation

Magnetic fields
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Ragan et al. (2012a)

Ratio of thermal to non-thermal pressure:

Ry = c;/ater ~ 0.05 — 0.1

Non-thermal effects dominate IRDC
kinematics.

Infall / outflow
Rotation
Magnetic fields

“"Micro-turbulence”
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Dec (J2000)

WM ATLASGAL 875um contours

-20°25'00" &

;. NH3(151) - Av
Mag?m) sss T BR07m30s
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Dec (J2000)

W8 ATLASGAL 875ym contours

18h07m30s

-20°25'00" &

36s
RA (J2000)

| ¢ NHs3(1,1) - Av
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| g_PACS 70pum image
S ATLASGAL 875um contours

365 18h07m30s

RA (J2000)

M e NH3(1,1)-Av
T T T v T 18h07m30s
RA (]2000)

ONT =

G009.86-0.04
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Dec (J2000)

W ATLASGAL 875m contours

365 18h07m30s
RA (J2000)

ONT =

G009.86-0.04 o

-20°25'00" &

Non-thermal (“turbulent”) pressure is insufficient to
oppose global gravitational collapse (Ragan et al. 2012a).

| o NHi(1,1) - Av
Magzo) s3s T 18h07m30s
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-20°25'00" &=

Dec (J2000)

ONT =

G009.86-0.04 o

-20°25'00" &

Non-thermal (“turbulent”) pressure is insufficient to
oppose global gravitational collapse (Ragan et al. 2012a).

see also Beuther et al. (2013),

lo NHs(11)-Av  ©
S * 000 T e Peretto et al. (2013), Ragan et al. (2015)
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Clump fragmentation: realm of interferometry

L L ‘ —v Lo uu =
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Csengeri et al (2017)

Filaments / clumps fragment into cores.

Limited (2-3 fragments per parsec)

IRDC18223 ;
Beuther et al. (2015)
Bontemps et al. (2010), Palau et al. (2014), Ragan et al. (2015), Beuther et al. (2015), Csengeri et al (2017)

Spacing between tends to be regular (0.2 - 0.4 pc)
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SDC 13: NH3z @ JVLA + GBT
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Gwen Williams et al. (submitted)
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SDC 13: NH3z @ JVLA + GBT
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Mline,crit N QCg/G
— QSMQPC_l

Critical value for radial contraction
and fragmentation. Ostriker (1964)

Gwen Williams et al. (submitted)
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SDC 13: NH3z @ JVLA + GBT
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Critical value for radial contraction
and fragmentation. Ostriker (1964)

Gwen Williams et al. (submitted)
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SDC 13: NH3z @ JVLA + GBT
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Miine crit = 2¢5/G Miine spciz = 100 — 200Mgpe™!
— QSMQPC_l

Critical value for radial contraction ... and also turbulently supercritical.
and fragmentation. Ostriker (1964)

SDC 13 filaments are thermally supercritical.

Gwen Williams et al. (submitted)
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tcollapse — (049 —+ OQGAO)(Gp)_l/z

(Clarke & Whitworth 2015) K
aspect ratio

Gwen Williams et al. (submitted)
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tcollapse — (049 —+ 026A0)(G/0)_1/2
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Gwen Williams et al. (submitted)
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tcollapse — (049 —+ 026A0)(G/0)_1/2

K aspect ratio
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Decrease of collapse time from 0.6
to 0.1 Myr from largest to smallest
structures.
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Gwen Williams et al. (submitted)
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tcollapse — (049 —+ 026A0)(G/0)_1/2

K aspect ratio

—17°30'00"

Decrease of collapse time from 0.6
to 0.1 Myr from largest to smallest
structures.
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Cores collapse before the
filaments.
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Gwen Williams et al. (submitted)
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70um - weak IR-weak (24um dark) IR-bright (24pm bright) HIl region

Compression and collapse Accretion First ZAMS stars and hot cores Accretion Disruption >

2 Lo Mg ! 10 Le Mg 1 40 L Mgt
Giannetti et al. (2017)

Table 2 Characteristics and lifetime estimates of high-mass star precursors
Median Envelope Density Statistical

FWHM Mass < ny, >2 LifetimeP>¢
[pc] [Mg)] [cm 2] [yr]

Massive starless clumps ~0.5 100 — 104 103 — 10° <1—3 x 10%
UCHII regions ~0.1 1—103 103 — 10° ~3 x 10°
IR-bright MDCs ~0.1 40 — 103 105 - 10" 0.6 —0.9 x 10°
IR-quiet MDCs ~0.1 40 — 103 105 — 107 0.5 —1x 10°
Starless MDCs ~0.1 30 — 80 ~10° <1 x 104
IR-bright high-mass protostars ~0.024 ~1.2 x 10°
IR-quiet high-mass protostars ~0.02 10 — 100 106 — 108 ~2 x 10°
All high-mass protostars ~0.02 >10 ~107 ~3 x 10°
Motte et al. (2017) High-mass prestellar cores 0.01 —0.14 >304 10° — 107 4 <1—7x104
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28.0"

W3 IRS4

2h95™m31.00°
RA (J2000)

Mottram et al. (in prep)
CORE PdBI large program (PI: Beuther)
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Clouds: “Starting point” for star formation. Cloud formation
process could be critical in setting the stage for smaller scales.
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Clumps: few parsec scale concentrations within clouds that
are bound and undergoing gravitational collapse

Cores: progenitors of individual / small multiple star systems,
the kinematic story of which will largely be told by ALMA



CARDIFF

UNIVERSITY
PRIFYSGOL

(ARRDYD

Clouds: “Starting point” for star formation. Cloud formation
process could be critical in setting the stage for smaller scales.

Clumps: few parsec scale concentrations within clouds that
are bound and undergoing gravitational collapse

Cores: progenitors of individual / small multiple star systems,
the kinematic story of which will largely be told by ALMA

High-mass star and massive
cluster formation in the

Milky Way

Frédérique Motte,'+?, Sylvain Bontemps,?, and
Fabien Louvet,*

Motte et al. (2017), to appear ARA&A, arXiv/1706.00118



