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Overview

✤ Evolutionary phases of star formation

✤ Age determinations: W48A Hii region

✤ Methanol masers as a tracer of a precise evolutionary phase?

✤ Accepted Effelsberg proposal: do all methanol masers pinpoint 
objects with already formed stars?



Phases of low-mass star formation

cloud prestellar core

Class 0 Class I

Class II Class III

✤ From observations of nearby  (100-400 pc) 
Gould Belt clouds in mm, submm, IR, near 
infrared

✤ Rough idea of lifetimes of each phase

✤ Evolution of low mass stars, disks, 
acceleration/deceleration of star formation, 
causal relations with surrounding etc. etc.

prestellar 
core 0.5 Myr Enoch+ 2008

Class 0 0.05 Myr Froebrig+ 2006

Class I 0.84 Myr Evans+ 2009

Class II 2 Myr Evans+ 2009

Class III 10 Myr Andre+ 2002Rygl+ 2014, after Hogerheijde 1998



High-mass star formation (> 8Msun)

✤ Many open questions

✤ Form deeply embedded, few, far away (>kpc)

✤ Difficult to observe (resolution, sensitivity)

✤ Rough age of final star few Myr, so all stages 
must have  short ( < Myr) lifetimes. UC Hii 
regions have ages of 105yr (Wood & Churchwell 
1989, Motte+ 2007).

✤ Age estimation through models (mass, 
luminosity), statistics (counting), and chemistry

cloud prestellar core

hot molecular core
embedded
outflows
accretion disk?
comp. accretion?

HC Hii region UC Hii region

Multiplicity?



W48A: Age gradient real?

W48 HII regions, 
23/06/14 ESA space science picture of the week

W48A

W48D

W48C W48B

W48E

IRAS 18586+0106
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Figure 2. PACS, SPIRE, SCUBA, MAMBO and BIMA continuum images of W 48A. All map units are MJy sr−1. Beam sizes are shown in the bottom-left
corner of each map. The MAMBO map has been smoothed to have a 13 arcsec beam. All maps have the same dimension, except for the BIMA image, which
is smaller. The red dashed box in the MAMBO map shows the area of the BIMA image. The BIMA field of view is indicated by a yellow dashed circle. For
each map, we show with ellipses clumps H-1, H-2 and H-3 (see Table 2) as obtained through CUTEX (see Section 3.1.1) for that map, except for the BIMA map,
where the location of the clumps is given for the reader’s convenience and does not refer to a source detection.

which were average in block 1 to good in block 2. The precipitable
water vapour (pwv) in block 1 was 6 mm and system temperatures
ranged between 139 and 507 K. For the second observing block, the
pwv was 3–4 mm with system temperatures of 191–292 K. A focus
check was performed on Mars at the beginning of each observing
block. The observed output counts were calibrated to antenna tem-
peratures, T ∗

A , using the standard chopper-wheel technique (Kutner
& Ulich 1981), and converted to main beam brightness temperatures
by multiplying by the ratio of the forward efficiency (97 per cent)
to the main beam efficiency (54 per cent) at 110 GHz.

The C18O single-dish data were used as the zero-spacing for the
C18O interferometric BIMA data. An image cube was made of the
BIMA data using maximum entropy deconvolution, excluding A-
array data. Care had to be taken to use an image size smaller than the
single-dish image in order to avoid regridding artefacts at the edge
of the smaller single-dish image. The single-dish image was then
regridded to match the BIMA image. A joint maximum entropy
deconvolution of the BIMA and IRAM 30 m data was done with
MIRIAD’s MOSMEM task using rms scaling factors of 1.5 and 2.5
for the BIMA and IRAM 30 m data, respectively.

Continuum data were obtained in 2008 January using the Max-
Planck Millimeter Bolometer Array (MAMBO-2; Kreysa et al.

1998) under project number 024-07. MAMBO-2 is a 117-pixel
array (array size 4 arcmin) that observes at 1.25 mm (240 GHz).
While these observations covered a large area (∼ 1.◦5 × 1.◦3), in
this paper we use only the part covering the W 48A UC H II region.
The MAMBO observations were performed in fast scanning mode
during rough weather conditions (typical opacities at 225 GHz var-
ied between 0.2 and 0.4). Before each W 48 map segment, a pointing
was carried out on the nearby G034.26+00.15 H II region. Calibra-
tion was performed using the same H II region, yielding accuracies
between 10 and 30 per cent. Data reduction was done following the
standard pipeline in MOPSIC written by R. Zylka. The entire MAMBO
map is shown in Fig. A1, while the part covering W48 A is shown
in Fig. 2.

2.4 Archival data

2.4.1 JCMT data

The 450 and 850 µm continuum data from the fundamental cat-
alogue of Di Francesco et al. (2008) and Jenness et al. (2011)
were taken with the Submillimetre Common User Bolometer
Array (SCUBA; Holland et al. 1999) mounted at the JCMT. The
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Age estimations in W48A
✤ from SED (Menv, Lbol) compared to 

model prediction (Molinari+ 2008)

✤ using chemistry and kinematics: 
masers, [CH3CN]/[NH3], CO outflows  

✤ Indicative age gradient found, though 
uncertainties are large

✤ Objects similar mass: evolutionary 
gradient most likely age gradient

436 K. L. J. Rygl et al.

properties of clump H-3, which overlaps with Pillai et al. (2011)
NH3 core no. 3, are in agreement with the rotational temperatures
and NH3 column densities derived by those authors. The CH3CN
rotational temperatures were higher than the NH3 temperatures,
which is expected since CH3CN traces warm regions near the YSO,
while NH3(1,1) and (2,2) trace colder gas. The NH3 analysis of
core H-2a yielded similar numbers as for clump H-2, except that
for the NH3 (1,1) line we did not detect the 45.6 km s−1 component
due a higher noise in the core spectrum. Similarly, core H-3a and
b have similar NH3 properties as clump H-3. The local standard
of rest (LSR) velocities of the NH3 towards the cores H-2a, H-3a
and H-3b match well with the CH3CN velocities, indicating that
both molecules trace material with a similar kinematic signature,
belonging to the same object.

While the NH3(1,1) line width is an intrinsic line width (since
we fitted the hyperfine structure of the transition), the NH3(2,2)
width is not: it is an overestimate of the intrinsic line width. For
both NH3 and CH3CN, the line widths are dominated by the non-
thermal line width, since thermal line widths for NH3 are of the
order of 0.2–0.3 km s−1 for temperatures of 20–30 K. For all cores,
the NH3 (1,1) and (2,2) line widths were both much broader than
those of CH3CN (∼1–1.2 km s−1). Possibly, the CH3CN emission
emanates from a smaller area near the YSO, while the NH3 emission
comes from a larger volume containing more turbulence in the
surrounding medium by possible discs and outflows (see the outflow
in clump H-3 in Section 3.5).

3.5 Outflows

Molecular outflows are commonly observed in low-mass and high-
mass star-forming regions (see, e.g., Phillips et al. 1988; Beuther
et al. 2002; López-Sepulcre et al. 2009; Duarte-Cabral et al. 2013;
Rygl et al. 2013). Outflows arise from the mass accretion on to
the molecular clump (e.g. Shepherd & Churchwell 1996), and are
often accompanied by maser emission due to the shocks created by
the outflow [e.g. see the water masers in the outflow of W3(OH)
in Hachisuka et al. (2006)]. Molecular outflows can be observed
through optically thick emission of common interstellar medium
constituents, such as 12CO.

The HARP CO (3–2) data revealed an outflow in clump H-3. In
Fig. 8, we show the integrated emission of the high-velocity wings.
The blue and red high-velocity lobes are quite compact indicating
that the outflowing material is collimated and that clump H-3 must
be hosting active star formation activity. A comparison with 70 µm
emission, tracing mainly warm dust near YSOs, shows that core
H-3b (rather CH3CN core H-3a) is the more likely origin for the
outflow since it coincides with the 70 µm source. The CO (3–2) out-
flow lobes coincide with the lower resolution HCO+(1–0) outflow
lobes discussed by Pillai et al. (2011) (see Fig. 8). The displacement
between the CO outflow lobes and the Herschel dust continuum is
real, since it is greater than the sum of the position uncertainties of
the JCMT CO data (2 arcsec) and BIMA CH3CN data (0.4 arcsec).
Also the HCO+(1–0) outflow and the 3 mm continuum emission in
Pillai et al. (2011) show the same displacement. Apparently, the out-
flow axis is not straight, which is why the blue and red lobes are not
symmetrical around the continuum source. Pillai et al. (2011) esti-
mated the outflow mass to be about 5 M⊙, indicating that core H-3b
is driving a massive outflow. In addition to this massive molecular
outflow, clump H-3 also hosts water masers (Hofner & Churchwell
1996) located towards the red outflow lobe. The detection of the
massive outflow and water masers indicates that clump H-3 is in
an active star formation stage, hence presumably younger than the

Figure 8. Top panel: 70 µm PACS grey-scale map centred on clump H-3
with the JCMT CO (3–2) outflow (blue, red) and the CH3CN cores (white)
overlaid in contours. CO contour levels are 20, 30, 40 and 50 K km s−1 for
both blueshifted and redshifted material. BIMA CH3CN contour levels are
0.06, 0.08, 0.10 and 0.12 Jy beam−1 km s−1. Beam sizes of the CO (3–2)
(white), PACS 70 µm (grey) and CH3CN emission (black) are given in
bottom-right corner. The green triangle represents the water maser location
(Hofner & Churchwell 1996), the blue and red crosses mark the HCO+

outflow lobes from Pillai et al. (2011). Bottom panel: the CO(3–2) spectrum
towards clump H-3 where the velocity ranges used for mapping of the
blueshifted and redshifted outflow lobes are indicated.

other two clumps H-1 and H-2, which do not exhibit any collimated
outflows.

4 R E S U LT S A N D A NA LY S I S O F E X T E N D E D
EM I S SI ON

4.1 Herschel continuum emission

We computed column density and temperature maps from the cal-
ibrated 160–500 µm images, after these were convolved to the
500 µm resolution (36 arcsec) and rebinned to the pixel size of the
500 µm map (11.5 arcsec). Then, pixel-by-pixel modified black-
body fits were performed on the regridded maps (see Elia et al.
2013 for the expression and its details). We assumed a dust opacity
κν of κν = κ0( ν

ν0
)β with κ0 = 0.1 cm2 g−1 (which includes a gas-to-

dust ratio of 100) and ν0 = 1200 GHz (250 µm) (Hildebrand 1983).
The dust emissivity index β was kept constant at 2.0. Recent studies
(e.g. Juvela et al. 2011; Miettinen et al. 2012; Sadavoy et al. 2013)
show that β varies across the cloud. While some works point out
the anticorrelation between the dust temperature and β, Bayesian
SED fitting finds an anticorrelation of β with column density rather
than temperature (Kelly et al. 2012). Ysard et al. (2013) find that
the change in β is due to dust properties and varies with density.
Our Herschel-only data (the SCUBA, MAMBO and BIMA dust
continuum maps had a much smaller coverage, so were not used for
the large-scale temperature and column density maps) are not able
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SEDs using BIMA, SCUBA, 
Herschel, WISE  data

Outflow in YSO

Rygl+ 2014

Object
L/M 

diagram
(105 yr)

Lit Mstar
(Msun)

UCHii region
7.5 

(2-13)
~105 yr

(W&C 1989) 18-28

maser core (CH3CN core, 
no radio)

8.0
(6.5-9.5)

~<105 yr
(Walsh 1989) 8-13.5

YSO
(CH3CN core, outflow)

1.5
(1-2)

5x104 yr (Cazeaux 2003), 
6x104 yr (Charnley 1992) 

13.5-18

massive prestellar cores Deuteration (Pillai 2011)



Origin of this age gradient?

✤ W48A: not triggered, age spread 
too small

✤ Large scale: evolutionary 
estimations of W48 Hii regions 
from compactness 21 cm emission

✤ W48 formed by Aquila supershell

Sequential star formation near W 48A 429

Figure 1. Herschel 70 µm map of the W 48 H II regions. The field of view (FOV) of the BIMA observations is indicated. The orientation of the Galactic
coordinates is shown in the bottom-left corner.

of the W 48A UC H II region caused three pixels to be saturated in the
SPIRE 250 µm map. To correct for this, W 48A was observed again
(ObsID: 1342244164) on 2012 December 4 with SPIRE in the small
map mode (12 arcmin × 15 arcmin, cross scan at the 30 arcsec s−1

scanning speed) and the saturated pixels were replaced. No sat-
uration problems were encountered at the other wavelengths. We
estimated the rms image noise (Table 1) for each map from the mean
flux of the pixels in a relatively blank region. The conversion from
Jy beam−1 to MJy sr−1 is Jy beam−1 × 10−6 × ( θ

206 265 )2 ×
π

4 ln 2 = MJy sr−1, where θ is the beam full width at half-maximum
(FWHM) in arcseconds. Fig. 1 gives an overview of the W 48
UC H II regions (using the naming convention from Onello et al.
1994). Maps of W 48A at all Herschel wavelengths are shown
in Fig. 2.

2.2 BIMA observations and data reduction

Observations were made using the Berkeley Illinois Maryland As-
sociation (BIMA) interferometer at 110 GHz (2.8 mm). All antenna
configurations, i.e. A, B, C and D configurations, were used in order
to achieve high dynamic range images. The nominal beam sizes at
3 mm were 0.4 arcsec for the A configuration, 2 arcsec for the B
configuration, 6 arcsec for the C configuration and 18 arcsec for the
D configuration. The dates of the observations were 2000 December
18, 25 and 31 (A configuration); 2003 February 1 (B configuration);
2000 July 14 (C configuration); 2000 May 23 (D configuration). The
continuum phase calibrator used was J1751+096. The pointing cen-
tre of the array was 19h 01m 45.s448 +01◦ 13′ 21.′ ′49 (J2000). Due
to the instability of the atmosphere at ∼3 mm, the observations us-
ing the extended A-array configuration were done in fast switching
mode. Fig. 2 shows the high dynamic range 2.8 mm continuum map
of W 48A. Our BIMA continuum appears different from that mea-
sured at 3.5 mm with the Plateau de Bure Interferometer (PdBI) by
Pillai et al. (2011), because our BIMA observations are a factor of
∼4 less sensitive plus our pointing centre was ∼50 arcsec east of
that used in the observations of Pillai et al. (2011), decreasing our
sensitivity in the western part of W48 A, which was the objective

of their PdBI observations. The pointing accuracy (σ poi) can be
estimated following Reid et al. (1988) by

σpoi =
!

4
π

"0.25
θ√

8 ln 2

1
SNR

, (1)

where θ is the synthesized beam FWHM in arcseconds and SNR
is the maximal flux divided by the rms noise level. For the BIMA
continuum map, the pointing accuracy was 0.02 arcsec.

Twelve spectral windows were used, targeting the UC H II region
continuum emission as well as line emission from the 107 GHz
CH3OH (31–40, A+) masers in the lower sideband and CH3CN
(6–5), K = 0, 1, 2, 3, 4 levels, C18O (1–0) and 13CO (1–0) transitions
in the upper sideband. The channel separations for the lines observed
with BIMA are 1.06 km s−1 for the CH3CN lines, 8.50 km s−1 for
the 13CO line, and 0.27 km s−1 for the C18O line and 107 GHz
methanol maser emission. For the C18O line, we obtained also a
single-dish data cube (see Section 2.3) to have the zero-spacings for
complementing the interferometric BIMA data.

Data reduction was carried out with the MIRIAD package (Sault,
Teuben & Wright 1995). A phase-delay correction for the lower
sideband was found using the continuum phase calibrator. The A-
array observations were used to generate a model of the methanol
maser. This model was used to self-calibrate the maser observations
at all array configurations. The self-calibration solution was then
applied to all spectral windows. The upper sideband observations
still had a residual phase error so an additional phase calibration
was done on the continuum calibrator in the upper sideband. The
final beam sizes of each map are reported in Table 1.

2.3 IRAM 30 m data

C18O (1–0) line observations of W 48A were carried out in two
observing blocks in 2003 March under project number 138-02 at
the Institut de Radioastronomie Millimétrique (IRAM) 30m tele-
scope. We used the old ABCD receivers in combination with the
Versatile Spectrometer Assembly (VESPA) backend using a band-
width of 40 mHz and a channel spacing of 0.22 km s−1. During the
observations, a pointing check was performed approximately every
hour on quasar J1749+096, depending on the weather conditions,
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442 K. L. J. Rygl et al.

Table 5. 21 cm emission properties of the W 48 H II regions.

H II region Size Peak flux Int. flux I/P
(arcsec, arcsec) (Jy beam−1) (Jy)

W 48A 74, 72 4.9 12.8 2.6
W 48B 118, 84 0.12 0.6 5.0
W 48C 50, 49 0.16 0.2 1.3
W 48D 221, 169 0.097 1.8 185.5

Notes. Columns are (from left to right): name; size in major and
minor axis at FWHM; peak flux; integrated flux; ratio of integrated
to peak flux.

(∼40 arcmin or ∼38 pc) to the W 48 H II regions. The 21 cm H I

spectra of the left and centre part of this cone show a clear peak
at 40–45 km s−1 (fig. 4 of Maciejewski et al. 1996), which over-
laps with the LSR velocity of the molecular material of W 48A
and of the other H II regions in W 48: 41.2 km s−1 for W 48B,
46.7 km s−1 for W 48D and 45.5 km s−1 for W 48E (Onello et al.
1994). It is therefore likely that the initial molecular cloud in which
the W 48 complex of H II regions was formed through the com-
pression of ambient material by the Aquila supershell. Maciejewski
et al. (1996) estimated that the total energy of the events creating
the Aquila supershell is about 1−5 × 1052 erg, corresponding to
10–100 supernova explosions powering the system over 107 yr. The
W 48 H II regions were formed recently given the supershell’s age
(∼2 × 107 yr) and its estimated expansion velocity of about
15 km s−1 (which is variable depending on the density of the ma-
terial it passes through). The distance between the centre of the
supershell and the W 48 H II regions is about 4◦ (230 pc at a dis-
tance of 3.27 kpc) and at a velocity of 15 km s−1 it would take about
1.5 × 106 yr for the shell to reach the W 48 H II regions, leaving
ample time for the W 48 H II regions to evolve into their current
state.

At the location of the W 48 H II regions, the supershell’s ori-
entation is towards increasing Galactic latitudes. The shell would
have therefore first reached the locations of W 48C and D, then
W 48A and B, and finally W 48E. Hence, the density structures
created by the shell should be older in the eastern side of Fig. 15
and younger in the western side. Most of these H II regions are too
evolved to have strong far-infrared emission; hence, it is difficult to
estimate their evolutionary stages from their envelope masses and
bolometric luminosities. It is more fruitful to look at the size of the
ionized hydrogen region (the Strömgren shell) created by the young
star, which one can observe through its free–free emission in the
centimetre radio continuum. For this purpose, we used the 21 cm
maps from the NRAO VLA sky survey (NVSS; Condon et al. 1998).
With the AIPS task JMFIT, we fitted 2D Gaussians to the 21 cm emis-
sion of W 48A–D obtaining the size, peak flux and integrated flux
(Table 5). The ratio of the integrated to peak flux (I/P), listed in the
fifth column of Table 5, is a measure of the source compactness (1.0
for a point source and increasing when the source is more extended).
W 48D seems indeed to be an old H II region, since its radio emis-
sion is very extended and it has possibly triggered another younger
and compact H II region, W 48C, which is very compact, hence very
young, on one of its borders. The radio emission of W 48B is less
extended than W 48D, but more extended than that of W 48A, im-
plying an intermediate evolutionary stage. This is consistent with
W 48B already containing a cluster of stars (clearly visible in the
near-IR) and being surrounded by a small circular dust arc. Based
on the 21 cm radio continuum, we conclude that the H II regions
have an evolutionary gradient along Galactic latitude, such as one

would expect if these regions were formed by the Aquila supershell.
In this discussion, we have neglected W 48E, whose nature, either
an H II region or a supernova remnant, is uncertain, since it emits
extended weak radio emission and does not contain many YSOs or
high dust column densities.

In addition to the W 48 H II regions, IRAS 18586+0106, also
known as Mol 87, is located between W 48A and W 48E. IRAS
18586 contains a few massive star-forming clumps (Beltrán et al.
2006), but no centimetre continuum emission, which would indicate
free–free emission of young stars, could be associated with them
(Molinari et al. 1998), nor methanol or water masers (Fontani,
Cesaroni & Furuya 2010). With its NH3 (1,1) LSR velocity of
38 km s−1 (Molinari et al. 1996), IRAS 18586 is very likely to be a
part of the W 48 complex. In Appendix D, we analysed the infrared
emission of the two clumps found in the Herschel maps. Source
A, which coincides with the IRAS coordinate centre, is the most
evolved source with an age of ∼5 × 105 yr forming an intermediate-
to high-mass star. The second source (B) is colder, more massive
and younger. For the beginning of star formation in IRAS 18586, we
only need to take the estimate of the oldest object into consideration,
which is ∼5 × 105 yr. This is younger than most evolved object in
W48 A (the UC H II region), and would agree with the predicted age
gradient if all these star-forming regions were formed by the cone
of the Aquila supershell.

In addition, the Herschel column density and temperature maps
(Fig. 15) revealed that there exists a large reservoir of dense and cold
gas west of W 48A, implying that this region has a high potential
to form stars. The morphology of this dense gas suggests that it has
not been strongly affected by H II regions or stellar winds, which
are known to shape the material into bubbles and shells. East of
W 48A, there is much less dense material, and when present it is
shaped in shells, bubbles and ridges by H II regions. Hence, the
large-scale Herschel data support the hypothesis of an east–west
evolutionary gradient across the W 48 H II regions, in a roughly
similar orientation as the age gradient found around W 48A.

6 SU M M A RY

We have presented a combined approach of high-sensitivity Her-
schel continuum observations with high-resolution molecular line
data from the BIMA array to study the sequential star formation
around the W 48A UC H II region. For the three clumps found with
Herschel, which include a UC H II region, a maser emitting YSO
and a YSO with a massive molecular outflow, we combined age es-
timations based on envelope mass and luminosity with those from
radio continuum, molecular line data and the literature values, and
found the ages to agree within an order of magnitude. Confusion of
emission and multiplicity affects the L/M-based ages, by moving
the star-forming object to more massive stellar tracks and to higher
luminosities. We tried to correct for this by rescaling the continuum
fluxes of clump H-2 and H-3 to the core-sized objects detected in
the BIMA CH3CN maps. High-resolution continuum observations
with ALMA, SMA or CCAT are necessary to reach the fragmen-
tation limit of the cores for obtaining more accurate masses and
luminosities. In addition to dust continuum data, radio continuum
and molecular line data are crucial to identify the various evolu-
tionary phases and to verify the ages based on envelope masses and
luminosities.

The W 48A molecular cloud has a particular shape: it is concen-
trated along a ridge (the main axis of the cloud) lying in front of
an arc (which, from our perspective is oriented towards the cloud)
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Methanol as a tracer

✤ 6.7 GHz methanol masers (class II) might be an 
excellent timer 

✤ lifetime short enough ~4x104yr (van der Walt 2004) 
with respect to the lifetimes of HC and UC Hii 
regions (105 - 104 yr) 

✤ Bright, many known sources (Pestalozzi+ 2005, 
Green+ 2012, and more)

✤ Exclusive tracers of high-mass forming objects 
(Breen+ 2013)

✤ mostly pumped by IR radiation from warm dust 
(Sobolev & Deguchi 1994) > forming star or star 
inside
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What phase traced by 6.7 GHz 
masers?
✤ Up to know, 6.7 GHz excited before or in early stage of UC Hii region phase (Walsh+ 

1998) due to few detections of radio cont. toward masing sources

✤ New JVLA data (Hu in prep.) for BeSSeL observation show a high percentage (37%) of 
continuum (free-free) using 20s snapshots (3σ 0.15 mJy/beam)

✤ Do all 6.7 GHz masing sources 
contain weak free-free emission?
Do they all contain an embedded 
high-mass star?

diameter 5”

Bartkiewics et al 2009, no continuum emission
Hu in prep, 0.25 mJy/beam detection



Detecting the first light of high-
mass stars

✤ Investigate 8 young 6.7 GHz 
methanol masing sources at 2.8 
and 0.9 cm to detect radio 
continuum and measure the slope

✤ Targets: masers with no 
continuum, which are young based 
on Herschel colors

✤ Effelsberg observations expected to 
be done this winter/spring :)
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Summary

✤ Age estimations are important for understanding star formation, and 
the relation of the star-forming object with the environment

✤ Various methods exist to estimate ages, all with their own 
uncertainties

✤ We are exploring the usage of 6.7 GHz methanol masers to trace the 
earliest stellar stages by trying to detect continuum emission toward 
young masing objects with the Effelsberg telescope
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