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T H E  T I M E L I N E  O F  M A S S I V E  S TA R  F O R M AT I O N

• Evolution morphologically and chemically: release of molecular species from ice mantles 
through shocks or heating 

• Not a single path, huge range of masses, environments: luminosity a function of size and 
evolution, arm vs. inter-arm regions, nearby sources of feedback 

• Not complete picture: Sub-phases, transitions between regimes

C. Purcell, http://web.science.mq.edu.au/~cpurcell/public/index.php



U N D E R S TA N D I N G  E V O L U T I O N A R Y  T R A C E R S

• Tracers: class II methanol masers, 70-micron extinction 

• Part I: Protostellar: sufficiently luminous to host maser,  but not yet destroyed methanol in 
immediate surroundings - large sample, low-resolution, narrow phase of evolution (Jones et al., 
MNRAS submitted) 

• Part II: 70-micron dark: “starless” (or very young protostars) - small sample, high spectral detail 
and resolution, follow one type of object

Evolution of protostar mass M1, environment E1

M2, E2

M3, E3



PA R T  I :  P R O T O S T E L L A R  O B J E C T S  H O S T I N G  C L A S S  
I I  M E T H A N O L  M A S E R S

• Class II methanol masers: exclusive tracers of high-mass protostars  

• Main transition at 6.7GHz, also at 12.2GHz 

• Co-located with central protostar 

• Pumped by IR re-radiation of strong UV from massive protostar



PA R T  I :  S TA R  F O R M AT I O N  M A S E R S

H2O: shocks

Class II CH3OH: 
                 protostar

OH: 
 ~ HII region

 Excited OH: 
  protostar

Class I CH3OH: shocks

[WARNING: Not all at the same time]!
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HOPS: Walsh et al. 2011, 2014; 
Association with MMB: Breen et al. 
2018

Titmarsh et al. 2014, 2016

Breen et al. 2012a, 2012b, 
2014, 2016

Survey: Dawson et al. 2014; 
Positions: Qiao et al. 2016, 2018



PA R T  I :  D E R I VAT I O N  O F  F I R  P R O P E R T I E S

• Single temperature modified blackbody (spectral 
index 1.8) 

• Unresolved at 350microns, scale: 

• FIR luminosity: integrated between 70 and 500 
microns 

• Fit to obtain mass surface density and 
temperature 

• Noted inconsistencies with other work: reference 
dust mass opacity, spectral index - end up 
negligible during comparisons

101 102 103

Wavelength (µm)

10−1

100

101

102

103

F
lu
x
(J
y)

(MIR counterparts)

unscaled 350µm flux
fluxes used in fit

S⌫ =
M

d2
0

✓
⌫

⌫0

◆�

B⌫(T )
<latexit sha1_base64="QpIsY5dd7NKzFlWOygS8mm90XJE="></latexit>

F
SED
⌫ = F⌫ ⇥ FWHM

dec
250

FWHMdec
⌫

<latexit sha1_base64="O1eDIFEdchyBxyRFDwe56k8Ayuc="></latexit>



PA R T  I :  M A N Y  H I S T O G R A M S
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On average, methanol maser hosts are more luminous (total and single band), hotter, more massive, steeper 
colour, higher mass surface density and occupy a narrower band in L/M than a general protostellar MYSO

Red lines: approx. thresholds to 
host methanol maser (2σ )

Orange: maser sources
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PA R T  I :  M A N Y  C O M B I N AT I O N S
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Σ ≥ 1.0 g cm−2

Σ ≥ 0.1 g cm−2
Usual spaces: mass-radius, mass- mass surface density, mass-
luminosity… 

40% of maser sources above Σ=1.0g/cm2  

(only 20% of protostellar sources) 
 
Line of best fit in M-R: 
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PA R T  I :  P R I N C I PA L  C O M P O N E N T  A N A LY S I S

• Reduce dimensionality of data by defining new variables that 
each account for a decreasing amount of total variance 

• Can recover two types of trend
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Mutual trends in multiple 
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Example: increase in 
luminosity with size and 

temperature

Separation of two distinct 
types of object

Example: different locations 
along an evolutionary trend

Intra-sample trend
Inter-sample trend



PA R T  I :  P R I N C I PA L  C O M P O N E N T  A N A LY S I S
Eight input properties: log(L70), log(L250), log(LFIR), [70-160], [70-250], log(M), log(R), T

- PC1: size trend (increase of each luminosity alongside M and R) 

- PC2: evolutionary trend (increase in 70µm emission with T, 
decrease in M and R) 

Intra-sample trends are stronger than offset between 
protostellar and maser objects
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Overlap: as many things don’t have detected 
methanol masers as do, despite falling in the same 
clump parameter space 

In total, 896 matched “maserless” objects



PA R T  I :  P H Y S I C A L  S C E N A R I O S
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and stronger (relative to clump FIR luminosity) 
 
                        

Non-maser

Maser bearing

Non-m
aserHeating

HeatingHole

Scenario 1
Scenario 2



PA R T  I :  S E C O N D A R Y  M A S E R S

• Compare evolutionary state of each type of 
secondary maser through IR properties 

• 6.7GHz masers with any type of secondary 
masers are generally more evolved 

- 12.2 have small ~1K temperature 
increase (borderline significance, see 
Breen et al. 2018 paper) 

- Hydroxyl masers: much more evolved 
(increased colour, temperature, L/M etc) 

- Water masers: greater L/M
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PA R T  I :  T I M E L I N E  O F  S E C O N D A R Y  M A S E R S

• Relative lifetime from fraction of 6.7GHz hosts also hosting each secondary maser 

• Use average L/M for each secondary maser to determine offset 

• Assumes masers are part of evolutionary sequence: switch on/off during one sub-phase of 
6.7GHz masing

6.7GHz 

12.2 GHz

H2O

OH

ex-OHScale: 0.1 relative age = 2.5 x 103 - 4.5 x 103 yr

Relative age
0.0 0.5 1.0



PA R T  I I :  A N  S M A / A L M A  S T U D Y  O F  S D C 2 4
• SMA: Study of objects along a single evolutionary path (PI: Ya-Wen Tang, 

ASIAA) 

• ALMA: Study of mass assembly in cores, from clump to core scale (PI: Alessio 
Traficante, IAPS-INAF) 

• Aim: Fully characterise an object with torturously comprehensive spectral 
coverage 

• SDC24.013+0.488: very young object - precursor to association like SDC335*? 

*Michael Anderson’s talk on hub-filament systems 

! [WARNING: early stage analysis]



PA R T  I I :  D ATA

4 3 2 1

1 2 3 41 2 3 4

4 3 2 1

214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229

230 231 232 233 234 235 236 237 238 239 240 241 242 243 244 245

RxA (230 GHz) LSB RxB (240 GHz) LSB

RxA (230 GHz) USB RxB (240 GHz) USB

Rx
A 

LO

Rx
B 

LO

CA
RB

O
N

 M
O

N
O

XI
D

E

D
EU

TE
RA

TE
D

 

CY
AN

ID
ES

SI
U

LP
H

ID
ES

O
TH

ER

H2COCO

13CO

C18O

C17O

N2D+

DCN

DCO+

CH3OH

CH3CN

CN

CS

13CS

SiO

SMA PI: Ya-Wen Tang (ASIAA) 
3” (0.1pc) resolution from compact + subcompact tracks, 0.6mJy/beam sensitivity

ALMA PI: Alessio Traficante, 13 sources at ~1.5” resolution, 
 12m+ACA+TP  

+ band 3 HCN, 
HCO+ 

H13CO+



– B E T H  J O N E S  ( 2 0 1 6 )

“SDC24 is really boring” 

4.9 585.1 585.6 586.5 588.3 591.9 599 613.3 642 698.8 811

Spitzer 24-microns Herschel 70-microns



PA R T  I I :  C O N T I N U U M  C O R E S

• Only two bright cores 

• Filament in weak 
continuum 

• Elongation of core 1: 
core 3 

• Tentative hints of cores 4 
and 5

0190 -0.00188 -0.00185 -0.00178 -0.00166 -0.00140 -0.00090 0.00010 0.00212 0.00612 0.01

18:33:20.0 19.0 18.0 17.0

41
:5

0.
0

-7
:4

2:
00

.0
10

.0
20

.0
30

.0
40

.0
50

.0

Right ascension

D
ec

lin
at

io
n

24013+0488

00574 -0.000571 -0.000566 -0.000555 -0.000535 -0.000493 -0.000410 -0.000246 0.000086 0.000742 0.002

22.0 18:33:20.0 18.0 16.0 14.0

41
:3

0.
0

-7
:4

2:
00

.0
30

.0
43

:0
0.

0
30

.0

Right ascension

D
ec

lin
at

io
n

24013+0488
Band 3 (~90GHz) Band 6 (~230GHz)



PA R T  I I :  C O N T I N U U M  C O R E S
• Only two bright cores 

• Filament in continuum 

• Elongation of core 1: core 
3 

• Tentative hints of cores 4 
and 5 

• Core finding in uv space 
(UVMULTIFIT, Nordic ARC 
Node; Avison et al., in 
prep)

MIPSGAL 24 microns

ALMA B6 continuum

core 1

core 2

core 3?

core 4?

core 5? 
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PA R T  I I :  C O

• Spectrum from SMA: an outflow!  

• Maps from ALMA: oh no… 

• Not entirely unexpected: SiO with 
SMA

SDC24 in CO with SMA (background image: continuum) 

Continuum beam: 4.67*2.76 arcsec, -46.7deg
CO beam: ~5*5 arcsec
Velocity resolution: 0.25km/s
Blue contours: integrated emission from 65 to 93 km/s
Red contours: Integrated emission from 97 to 106km/s 

 65 to 93 km/s

 97 to 106km/s 



PA R T  I I :  C O

• Spectrum from SMA: an outflow!  

• Maps from ALMA: not just one… 

• Not entirely unexpected: SiO with 
SMA

ALMA B6 continuum

ALMA B6 CO

ALMA B6 CO

Water maser



– A L E S S I O  T R A F I C A N T E  ( 2 0 1 6 ) ,  B E T H  J O N E S  ( 2 0 1 9 )

“SDC24 is super complicated” 

ALMA B6 continuum

ALMA B6 CO

ALMA B6 CO

core 1

core 2

weak south filament 

core 3?

North-east blue filament

South-east blue from core 2, red from core 4?

North outflow, suspected from core 1

North-west outflow, core 2?

South-west outflow: core 1

core 4?

West south-west outflow: core 4?

core 5? 

Water maser

band 6 continuum

resolved in band 6 continuum

band 6 continuum, band 3 continuum, SMA continuum

unresolved, extention in this direction of core 1 in band 6 continuum

band 6 12CO 

band 6 12CO blue and red

band 6 12CO blue

band 6 12CO red

band 6 12CO red

likely real in band 6 continuum

band 6 12CO blue

present in band 6 continuum (1.5*1.5” circle gives
1.03mJy; rms in background ~0.3mJy) and 
SMA continuum

HCO+ profile almost uniformly split about systemic velocity with broad absorption dip,
red slightly stronger 

HCO+ profile: broad but shallow tails red and blue, narrow absorption dip,
strongly blue asymmetric

HCO+ profile: blue component only, broad tail, increasing small red
component towards inner regions

HCO+ profile: extremely broad red velocity tail, narrower 
blue component of almost equal intensity

HCO+ profile: mostly blue component with small red and strong
absorption at systemic, broad tail in blue

HCO+ profile: red and blue components, blue much stronger with slight tail 
and small peak at systemic velocity

HCO+ profile: red and blue components of comparable 
strength with blue slightly stronger, tails in both and 
small peak at systemic

HCO+ profile: same as core 1 but fainter,
slightly stronger red (still mostly blue)

HCO+: narrower blue component mixed with SW

12CO band 6 shows large tails in both red and blue,



PA R T  I I :  G O I N G  F O R W A R D S …

• Outflow analysis: SDC24 -> SDC28 and SDC31 (B. Jones++ (2019, in 
prep.) and A. Avison++ (2020?)) 

• SDC18: spectral analysis from SMA data -> wSMA with 64GHz 
bandwidth 

• Fragmentation (Traficante++, in prep.), infall/mass assembly, 
ALMAGAL… 



C O N C L U S I O N S

• Characterised the properties of 647 protostellar MYSOs hosting 6.7GHz masers 

• Identified differences with general Galactic protostellar population, but also found a set of 896 objects 
that could also host a methanol maser 

• Favour the scenario that these protostellar clumps lacking a methanol maser are more 
evolved* 

• Selection of an “early stage” source from 70micron maps shows several young protostars 
already with outflows underneath. 

• Interferometric observations are required to fully define the evolutionary state of a clump 
- the underlying complexity may not be obvious from larger scale tracers



( T H AT  W A S  T H E  L A S T  S L I D E …  Y O U  W E N T  T O O  FA R )


