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THE SCALES OF STAR FORMATION

What is the interplay between the scales of star (cluster) formation?
> 12 order of magnitude dynamic range in scales!
Gas: Galaxies (104 pc)↔ GMCs (101 − 102 pc)↔ Clumps (100 pc)↔ Cores (10−1 pc)↔ Disks

(10−3 pc) ↔ Magnetospheres (10−7 pc) ↔ Protoplanets (10−8 pc).

Stars: Galaxies ↔ Star clusters/associations ↔ Stellar associations/groups ↔ Stellar

systems/stars ↔ Planets.



PROTOCLUSTERS

- Progress: full cloud, high-dynamic range, deep mapping at ∼ core resolution, both in continuum
and lines, which has enabled to connect scales and to get a handle on the protostellar and young
stellar population.
- Unsolved questions: to meaningfully relate these new large amounts of data to
theoretical/model predictions, and to extract the important physics. E.g., what is the role of
feedback at all scales/stages?

Fig: Multi-scale column density mapping of W49A (G-M et al. 2013, G-M & Liu 2014).



CORES

- Progress: the ability to count them across the entire range of masses, and the ability to resolve
the structure of a few of them. Some seem to fragment even at < 1000 au scales.
- Unsolved questions: What are the population properties of these cores (e.g., CMF, see talks by
Nony, Cheng). Do they tend to fragment? What is the nature of the mass flows from the outside
to the inside and viceversa? Can objects be classified in an evolutionary sequence like low-mass
YSOs?
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Fig: ALMA observations and model of the fragmented core W33A MM1.
Izquierdo, G-M, Maud et al. 2018.



Outline

1) Evidence for the continuity of gas flows between adjacent scales.

2) Diversity in massive cluster forming clouds and a possible origin for it.

3) On the relation of the forming stellar populations to their parent clumps and clouds.



Evidence for the continuity of gas flows between
adjacent scales.



Cloud ↔ Clump: converging filaments in W49A
- In W49A (Lbol ≈ 3× 107 L�) some filaments on ∼ 10 pc scales converge in PV
space toward the central clump.
- But features will only move < 1 pc over the 105 massive star formation timescale.

13CO 1–0 PMO data from G-M, H. B. Liu, Zhi-Yu Zhang et al. 2013 (unpublished analysis).

Left: Cut in position, Right: Position-Velocity plot.



Clumps ↔ Cores

Evidence for coherent rotation/infall from clump (1 pc) to core (0.1 pc) scales in the

luminous (Lbol ≈ 7× 105 L�) star formation region G20.08.

Fig: Rotation seen in NH3 emission with VLA-D on parsec scales and CH3CN with SMA-VEX on

0.1 pc scales. G-M, Keto, Zhang+2009.



Clumps ↔ Cores

- Evidence for coherent rotation/infall from clump (1 pc) to core (0.1 pc) scales in the
luminous (Lbol ≈ 7× 105 L�) star formation region G20.08.
- Also P. Barnes+2010, Y. Contreras poster.

Fig: Infall seen in NH3 absorption against the backlight UCHIIs with VLA-D in clump scales and

with VLA-B in core scales. G-M, Keto, Zhang+2009.



Clumps (filaments )↔ Cores

- Massive star formation at the center of converging, pc-scale filaments in W33A
(Lbol ≈ 4× 104 L�).

- Other examples: Schneider+2010, Peretto+2013, Juárez+, Treviño-Morales+,

Posters by Contreras, V. Chen. Walker Lu.

Fig: PPV rendering of filaments seen in NH3 with VLA-D. G-M, Zhang, Keto+2010.



Clumps (filaments )↔ Cores
- Massive star formation at the center of converging, pc-scale filaments in W33A
(Lbol ≈ 4× 104 L�).

- Other examples: Schneider+2010, Juárez+17, Treviño-Morales+.

Fig: Heating due to massive star formation at the intersection of filaments.

G-M, Zhang, Keto+2010.



Cores ↔ Disks

W33A: massive (M ∼ 15 M�) YSO with a

disk?, or a multiple system of forming

massive/intermediate mass stars?

Fig: previous (SMA) view of the heart of W33A.



Cores ↔ Disks

Spiral-like filament feeding a multiple system of massive stars.
See Luke Maud’s talk today.
New radiative transfer model (using LIME) developed by student Andrés Izquierdo
(Izquierdo, G-M, Maud et al. 2018).

Fig: reality with ALMA observations of CH3CN at 0.17” = 400 au resolution.

Maud, Hoare, G-M et al. 2017.



Results: K = 4 spectra of compact sources

- All synthetic images from LIME are passed through the ALMA response in CASA.
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Fig: comparison of real and simulated CH3CN J = 19− 18, K = 4 (EU = 282 K) spectra as

observed with ALMA at 0.17 arcsec (400 au) resolution.



Results: comparison of extended spectra

- OK, but some extended emission is missing.
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Fig: comparison of real and simulated CH3CN J = 19− 18, K = 4 (EU = 282 K) spectra over

selected extended regions.



Results: comparison of moment maps

- Integrated intensity, (complex) velocity field, and dispersion are well reproduced.

- Some extended emission is missing.
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Fig: comparison of real and simulated CH3CN J = 19− 18, K = 4 (EU = 282 K) moment maps

as observed with ALMA at 0.17 arcsec (400 au) resolution.



Diversity in massive cluster forming clouds and a
possible origin for it.



CLOUD STRUCTURE OF LUMINOUS CLUSTER-FORMING CLOUDS

- Master thesis of Yuxin Lin (now in Bonn) with Baobab Liu and Di Li.
- Column density, temperature, and luminosity maps of several of the ‘monster’ MW
clouds at 10” (∼ 0.2 pc) resolution using their Herschel/Planck + CSO/JCMT
Fourier combination technique.

Fig: source sample of Lin, Liu, Li et al. 2016.



A VARIETY OF CLUSTER-FORMING CLOUDS

Variety in massive cluster forming clouds:
- Concentrated vs more extended morphologies.
- Prominent high-N tails vs relative lack of high-N gas.

Fig: Column maps from first sample set to absolute scale (Lin, Liu, Li+2016).



A VARIETY OF CLUSTER-FORMING CLOUDS

Variety in massive cluster forming clouds:
- Concentrated vs more extended morphologies.
- Prominent high-N tails vs relative lack of high-N gas.

Fig: The more concentrated cloud morphology is, the more prominent (less steep) the high-N

power law tail (Lin, Liu, Li+2016).



ON THE ORIGIN OF THE MORPHOLOGICAL DIFFERENCES

- Hypothesis: mainly due to the initial level of angular momentum (shear/rotation), with some

influence of turbulence and B-field.

Fig: Simulations of a massive (106 M�) cluster forming cloud with initial turbulence but NO
shear/rotation.
Zamora-Avilés, G-M, Ballesteros-Paredes+, in prep.



ON THE ORIGIN OF THE MORPHOLOGICAL DIFFERENCES

- Hypothesis: mainly due to the initial level of angular momentum (shear/rotation), with some

influence of turbulence and B-field.

Fig: Simulations of a massive (106 M�) cluster forming cloud with initial turbulence AND shear.
Zamora-Avilés, G-M, Ballesteros-Paredes+, in prep.



ON THE ORIGIN OF THE MORPHOLOGICAL DIFFERENCES

- Hypothesis: mainly due to the initial level of angular momentum (shear/rotation), with some

influence of turbulence and B-field.

Fig: Simulations of a massive (106 M�) cluster forming cloud with initial turbulence AND rotation.
Zamora-Avilés, G-M, Ballesteros-Paredes+, in prep.



OBSERVATIONAL EVIDENCE FOR CLOUD ROTATION AND SHEAR?

- Shear can be important in some clouds.
- There are some reports of possible rotation.

Fig: spiral cloud with possible rotation reported by Guang Xing Li et al. 2017, seen in 13CO 1–0.



Fragmented Spiral Clump G33.92+0.11

Evidence for flattened accretion flows at clump scale.

Fig: ALMA discovery of spiral structure and chemical stratification in the cluster-forming
molecular clump G33.92.
Baobab Liu, G-M, Jiménez-Serra et al. (2015).



Fragmented Spiral Clump G33.92+0.11

Evidence for flattened accretion flows at clump scale.

Fig: ALMA discovery of spiral structure and chemical stratification in the cluster-forming
molecular clump G33.92.
Baobab Liu, G-M, Jiménez-Serra et al. (2015).



LOCATION AND ENVIRONMENT?

- Local potential molecular and neutral gas reservoir.
- Galactic kinematics.

Fig: Some Galactic monsters approximated location. Modified from Urquhart+2018.



The forming stellar populations and their relation to
their parent clumps and clouds.



The Forming Stellar Populations

Several overlapping components:
- Pre- and proto-stellar cores and their substructure → ALMA (talks by Motte, Nony,
Cheng).
- Embedded young stellar population → ALMA, (ng)VLA (talk by Dzib), JWST
(Posters by Kendrew, M. Liu).
- Not so embedded young stellar population → (ng)VLA, Chandra, OIR facilities
(posters by Towner, Lumsden).

Fig: ALMA/VLA/GTC view of W51A Main. The associated compact source catalogues are almost

mutually exclusive. In prep. with Román-Zúiga and and Ginsburg.
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Fig: ALMA/VLA/GTC view of W51A Main. The associated compact source catalogues are almost

mutually exclusive. Figure provided by C. Román-Zúñiga.



The Effect of Feedback Appears Insufficient

- At least for some the most massive cluster-forming regions (W49A, W51A), the
ionized feedback of tens of forming massive (M? > 20 M�) stars has not yet
significantly disrupted their cloud.
- Yet it is key to regulate accretion and set the SF efficiency (Adam Ginsburg’s talk).

Fig: W49N clump at the center of W49A.Colors: C18O 2–1 velocity-integrated emission. Contours:

cm continuum from ionized gas (VLA). Star: NIR cluster (Alves and Homeier 2003).



HC HII Region Quenching in W49N

- HII region quenching due to interaction with molecular accretion flow (Walmsley 95,
Peters+2010).
- A 40% flux decrease close to source G2 in the ‘Welch’ ring at the edges of one of the
densest filamentary structures.

Fig: Left: 2015 VLA 3.5-cm image overlaid on column density map. Right: 2015-1995 3.5-cm
difference (contours) overlaid on 1994 image.
De Pree, G-M, Goss, Klessen et al., submitted.



Asymmetric Accretion in W51

Asymmetric accretion streamers toward candidate ∼ 100 au disks around some of the

well-known massive protostars in W51 (see Goddi’s talk).

Fig: 1.3 mm (green), SiO (red/blue). From Goddi et al. 2018.



CONCLUSIONS

1) Existence of mass inflows between adjacent scales in the formation of massive star
clusters and smaller bound associations.

2) The MW clouds currently forming massive stellar clusters/associations are diverse.
Shear and rotation could be the origin of this diversity.

3) Subarcsecond resolution, (sub)mm, cm, and IR observations are needed to build a
complete census of the pre-, proto-, and young-stellar populations in massive star
clusters in formation.

4) Under some conditions (very large concentrations of stellar/gas masses), feedback
from forming massive (M? ∼ 104 M�) stellar clusters appears inefficient to disrupt
their parent Mgas ∼ 105 M� clumps.



Extra Slides



‘SF3dmodels’ Library
https://github.com/andizq/star-forming-regions
Izquierdo et al. 2018, MNRAS



‘SF3dmodels’ Library

Local grids.



‘SF3dmodels’ Library

Global grids.



‘SF3dmodels’ Library and Digestors

Tested Features

- Current model grids: disks (Pringle, w/o holes and rings), envelopes
(Ulrich-Mendoza, turbulent sphere), filaments (cylindrical or parabolic, w/o density
and velocity gradients).
- Other features: Co-adding of ‘local grids’ into a ‘global grid’ (e.g., 3
disks+envelopes, 2 envelopes, 5 filaments), with their rotation, translation, Doppler
shift, and overlap ‘properly’ taken into account.

- Digestor of cartesian model grid into LIME’s random-like grid. LIME calculates the

radiation transport of dust continuum and molecular line emission across the model,

Brinch & Hogerheijde 2010).



‘SF3dmodels’ Library and Digestors

Tested Features

- Current model grids: disks (Pringle, w/o holes and rings), envelopes
(Ulrich-Mendoza, turbulent sphere), filaments (cylindrical or parabolic, w/o density
and velocity gradients).
- Other features: Co-adding of ‘local grids’ into a ‘global grid’ (e.g., 3
disks+envelopes, 2 envelopes, 5 filaments), with their rotation, translation, Doppler
shift, and overlap ‘properly’ taken into account.

- Digestor of cartesian model grid into LIME’s random-like grid. LIME calculates the

radiation transport of dust continuum and molecular line emission across the model,

Brinch & Hogerheijde 2010).

New Features (2018)

- Digestor into RADMC3D (Dullemond).

- Free-free and radio recombination line model library: jets (Reynolds model, w/o

truncation), photoevaporating flow from disk (Hollenbach), UC/HC HIIs (spherical

w/o gradients, bipolar), Keto HII region (accreting inside rg , outward flow outside),

ionized Pringle disk (can that exist?).



What we learned from the W33A MM1 core?

An accretion filament feeding the fragmented high-mass core W33A MM1

- Mgas ∼ 0.4 M�, Ṁ ∼ 5× 10−5 M� yr−1, l ∼ 7300 au.

- Replenishment from larger scales suggested from observations (G-M + 2010, Maud

+ in prep.) and from ∼ 8000 yr duty cycle.

Accretion filaments joining pairs of protostars

- The existence of 3 of the 5 proposed is robust but their implementation as straight
cylinders is questionable.

- Their combined mass-flow rate adds to Ṁ ∼ 4× 10−5 M� yr−1, dominated by flows

to Main and MNE and close to the ‘total’ inflow rate (as determined by the larger

‘core-feeding’ filament).



CURRENT: VELOCITY STRUCTURE

- The kinematics in the central few pc is more complex.

13CO 2–1 SMA+IRAM 30m data.



CURRENT: VELOCITY STRUCTURE

- The kinematics in the central few pc is more complex.

13CO 2–1 SMA+IRAM 30m data.



CURRENT: SPECTRAL CORRELATION FUNCTION

The spectral correlation function (SCF, Rosolowsky+99, Padoan+01) can be used to

discriminate physical models of GMCs.

Fig: SCF at 1 pc vs slope for W49A (full GMC), W49N (starbursting region), other MW clouds

(red points), and turbulent-box models (gray, Padoan+). Pineda, G-M, Liu et al. in prep.



CURRENT: SPECTRAL CORRELATION FUNCTION

- The central starburst (W49N) is way off other MW clouds and turbulent box models.

- Pure turbulence is not enough. Gravity?

Fig: SCF at 1 pc vs slope for W49A (full GMC), W49N (starbursting region), other MW clouds

(red points), and turbulent-box models (gray, Padoan+). Pineda, G-M, Liu et al. in prep.







CURRENT PROJECTS: LMT/AzTEC 1 mm MAPPING

- LMT/AzTEC maps already better than previous CSO-BOLOCAM and could get ×3
deeper.
- Combine them with SMA mosaic to obtain core mass function in starburst regime.

Right: column density map from Lin+2016. Center: previous combination of CSO/BOLOCAM

with SMA from G-M+2013. Right: new LMT data.





Current: mm recombination lines

Fig: H30α and He30α recombination line study. Hernández-Hernández, G-M, Tafoya+, in prep.



Current: mm recombination lines

Fig: H30α and He30α recombination line study. Hernández-Hernández, G-M, Tafoya+, in prep.



Current: mm recombination lines

Fig: H30α and He30α recombination line study. Hernández-Hernández, G-M, Tafoya+, in prep.



Velocity Field in G33

- Face-on system: great for morphology, bad for kinematics
- Channel width for DCN 3–2 and 13CS 5–4 is 0.7 km/s ⇒ few channels per linewidth

- Evidence of velocity gradient between two main arms

Fig: Intensity-weighthed mean velocity (colors) and dust continuum (contours)



Spirals Everywhere

Fig: Polarized dust spiral in the NGC 7538 luminous (L ∼ 105 L�) star forming region

(Wright+2015).



Lin+2016 Data and Algorithm



Lin+2016 Data and Algorithm



CURRENT PROJECTS

Fig: Herschel SPIRE and CSO SHARC2 350 µm combination in W49A (Lin+2016).



CURRENT PROJECTS

Fig: W51A VLA and ALMA (Ginsburg+2016,2017).



CURRENT PROJECTS

Fig: Comparison of mass profiles of YMC forming clouds (Walker+2016).


