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ABSTRACT

Context. High-mass stars have a high degree of multiplicity and most likely form via disk accretion processes. The detailed physics
of the binary and disk formation are still poorly constrained.
Aims. We seek to resolve the central substructures of the prototypical high-mass star-forming region NGC7538IRS1 at the highest
possible spatial resolution line and continuum emission to investigate the protostellar environment and kinematics.
Methods. Using the Karl G. Jansky Very Large Array (VLA) in its most extended configuration at ∼24 GHz has allowed us to study
the NH3 and thermal CH3OH emission and absorption as well as the cm continuum emission at an unprecedented spatial resolution
of 0.06′′ × 0.05′′, corresponding to a linear resolution of ∼150 AU at a distance of 2.7 kpc.
Results. A comparison of these new cm continuum data with previous VLA observations from 23 yrs ago reveals no recognizable
proper motions. If the emission were caused by a protostellar jet, proper motion signatures should have been easily identified. In
combination with the high spectral indices S ∝ να (α between 1 and 2), this allows us to conclude that the continuum emission is from
two hypercompact Hii regions separated in projection by about 430 AU. The NH3 spectral line data reveal a common rotating envelope
indicating a bound high-mass binary system. In addition to this, the thermal CH3OH data show two separate velocity gradients across
the two hypercompact Hii regions. This indicates two disk-like structures within the same rotating circumbinary envelope. Disk and
envelope structures are inclined by ∼33 ◦, which can be explained by initially varying angular momentum distributions within the
natal, turbulent cloud.
Conclusions. Studying high-mass star formation at sub-0.1′′ resolution allows us to isolate multiple sources as well as to separate
circumbinary from disk-like rotating structures. These data show also the limitations in molecular line studies in investigating the disk
kinematics when the central source is already ionizing a hypercompact Hii region. Recombination line studies will be required for
sources such as NGC7538IRS1 to investigate the gas kinematics even closer to the protostars.
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1. Introduction

The formation processes leading to the most massive stars are
still puzzling in many ways. While there is a clear consensus that
high-mass stars shape the interstellar medium, whole clusters,
and even entire galaxies, questions related to the physical pro-
cesses at early evolutionary stages, in particular associated with
the fragmentation processes of young, dense, and rotating cores,
formation of multiple entities, and embedded accretion disks,
are still poorly explored (e.g., Beuther et al. 2007a; Zinnecker
& Yorke 2007; Tan et al. 2014; Beltrán & de Wit 2016).

How do massive accretion disks form and what are their
properties? These are central questions for high-mass star forma-
tion research (e.g., Henning et al. 2000; Kratter & Matzner 2006;
Beuther et al. 2009; Cesaroni et al. 2007; Vaidya et al. 2009;
Kraus et al. 2010, 2016; Beltrán et al. 2011; Ilee et al. 2013;
Boley et al. 2013, 2016; Sánchez-Monge et al. 2014; Johnston
et al. 2015). The main indirect evidence stems from observations
of massive and collimated outflows that are qualitatively similar
to low-mass jets (e.g., Beuther et al. 2002; Zhang et al. 2005;
Arce et al. 2007; López-Sepulcre et al. 2009; Duarte-Cabral et al.
2013). Such jet-like outflows are best explained via magneto-
centrifugal acceleration from an accretion disk and subsequent
Lorentz collimation. Radiation (M)HD simulations of massive
collapsing cores produce accretion disks as well (e.g., Yorke

& Sonnhalter 2002; Krumholz et al. 2009; Kuiper et al. 2010,
2011; Kuiper & Yorke 2013; Peters et al. 2010; Commerçon
et al. 2011). Are massive disks similar to their low-mass coun-
terparts, hence dominated by the protostar and Keplerian ro-
tation or are they self-gravitating non-Keplerian entities (e.g.,
Sánchez-Monge et al. 2013; Cesaroni et al. 2007)? The answer
may be a small inner Keplerian accretion disk that is fed from
a larger-scale non-Keplerian structure (toroid or pseudo-disk).
This picture is supported by analytic and numeric models with
Keplerian disks growing with time from the infalling rotating
structure (e.g., Stahler & Palla 2005; Kuiper et al. 2011). The
transition from molecular to ionized infall is an additional impor-
tant characteristic (e.g., Keto 2002, 2003; Klaassen et al. 2009,
2013). While indirect evidence for massive disks is very strong,
direct observations are still sparse (see AFGL4176 as one of the
best recent examples; Johnston et al. 2015, of G11.92-0.61 by
Ilee et al. 2016). This discrepancy is mainly due to the clustered
mode of massive star formation at large distances. High spatial
resolution is crucial to disentangle these structures.

What are the fragmentation properties of massive gas clumps
during the formation of high-mass stars and their surrounding
clusters? High-mass stars form in clusters with a high degree of
multiplicity, and Chini et al. (2012) argue that this multiplicity
likely stems from the formation processes (see also Peter et al.
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Fig. 1. Centimeter continuum emission from NGC7538IRS1. The left panel shows in color scale the new 1.2 cm continuum data imaged using only
baselines between 10 and 37 km, achieving a spatial resolution of 0.06′′×0.05′′. The contours present for comparison the old VLA data from 1992
discussed previously in Gaume et al. (1995a), Sandell et al. (2009), Moscadelli & Goddi (2014), and Goddi et al. (2015) starting at the 4σ contour
and continuing in 8σ intervals (1σ ∼ 0.05 mJy beam−1). The two stars indicate the CH3OH maser positions by Moscadelli & Goddi (2014); see
section 3.1 for more details. The middle panel shows in color the spectral index map derived from the new full dataset with robust weighting −2
and the contours show the corresponding continuum image using all data at a resolution of 0.07′′ × 0.05′′. The contour levels start at a 4σ levels of
0.16 mJy beam−1 and continue in coarser 32σ steps. The right panel again shows the new 0.06′′ × 0.05′′ data, now converted in the Rayleigh-Jeans
approximation to brightness temperature.

2012). Peter et al. (2012) find companion separations between
400 and several thousand AU, stressing the necessity of high spa-
tial resolution, Furthermore, Sana et al. (2012) infer that multi-
ple system interactions dominate the evolution of massive stars.
Interferometer studies have revealed that most high-mass star-
forming regions fragment into multiple objects, suggesting that
massive monolithic cores larger than several 1000 AU are rare,
however, the degree of fragmentation varies (e.g., Cesaroni et al.
2005; Beuther et al. 2007b, 2012; Zhang et al. 2009; Bontemps
et al. 2010; Wang et al. 2011; Rodón et al. 2012; Palau et al.
2013; Sánchez-Monge et al. 2014; Johnston et al. 2015). Even
regions that remain single continuum sources down to arcsec
resolution, mostly fragment on even smaller scales.

A particularly revealing example is the famous high-mass
star-forming region NGC7538IRS1. At a distance of ∼2.7 kpc
(Moscadelli et al., 2009), the luminosity of the central energy
source is estimated to stem from a 30 M⊙ O6 star (e.g., Willner
1976; Gaume et al. 1995a; Moscadelli et al. 2009). The strong
emission of this source from near- to mid-infrared wavelengths
to the cm- and mm-regime has made it a famous high-mass pro-
tostar for over several decades; a summary of the literature can
be found in Beuther et al. (2012). The recent 0.2′′ observations
at submm wavelengths with the Northern Extended Millimeter
Array (NOEMA) revealed fragmentation of the envelope, how-
ever, these observations did not allow us to identify a Keplerian
accretion disk (Beuther et al. 2013, see also high-resolution data
by Zhu et al. 2013). Most likely, such a Keplerian structure is

hidden on still smaller scales below 500 AU (e.g., Krumholz
et al. 2007; Kuiper et al. 2010, 2011). Furthermore, this region
reveals two cm continuum sources at approximately 0.2′′ sepa-
ration that may either be two hypercompact Hii region or an ion-
ized jet (Gaume et al., 1995b; Sandell et al., 2009; Moscadelli
& Goddi, 2014; Goddi et al., 2015), where the association of the
potential ionized jet with the molecular outflow is debated (Knez
et al., 2009; Beuther et al., 2013).

2. Observations

We observed NGC7538IRS1 on July 21, 2015, during a four
hour track with the Karl G. Jansky Very Large Array (VLA)
in its most extended A-configuration (baselines extending out
to 37 km). The proposal ID is 15A-115. With the flexible VLA
correlator we covered many spectral lines and the cm continuum
emission in the radio K band. Specifically we covered seven NH3

inversion lines, seven CH3OH lines, and two Hα recombination
lines. Line parameters are given in Table 1. The following anal-
ysis concentrates on the cm continuum, NH3, and CH3OH emis-
sion. Although the recombination lines are detected, the emis-
sion is comparably weak and is not discussed further here. The
intrinsic spectral resolution for the molecular line data varied be-
tween 15.625 and 31.25 kHz, corresponding to a velocity resolu-
tion of ∼0.19 and ∼0.38 km s−1 at the given frequencies, respec-
tively (Table 1). Since this region is very strong in absorption
and emission, we reduced almost all lines at the native correlator
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Fig. 2. NH3 example spectra extracted toward the northern cm contin-
uum peak position. The spectra are shifted of the y-axis for presentation
purposes. All lines are labeled.

resolution. Only the three lowest energy CH3OH lines – located
within a single spectral window – were reduced separately with
0.4 km s−1 resolution. To create the continuum image, 16 spec-
tral windows with a width of 112 MHz each between 23.6 and
25.8 GHz were combined.

The flux and bandpass were calibrated with the two strong
quasars 3C48 and J0319+4130 (also known as 3C84), respec-
tively. The phase and amplitude gain calibration for these long
baselines requires comparatively fast switching between the tar-
get source and the gain calibrator J2339+6010. Our loop typi-
cally stayed 1 min 50 sec on source and 1 min 20 sec on the gain
calibrator. We visited the source during the 4 h track 58 times as-
suring an excellent uv coverage. The phase center of the VLA for
our target source NGC7538IRS1 was R.A. (J2000.) 23:13:45.36
and Dec. (J2000.0) +61:28:10.55. The data calibration was con-
ducted with the VLA pipeline 1.3.1 in CASA 4.2.2. All solutions
were carefully checked, and the bandpass for the NH3(1,1) line
was bad during half of the track. Flagging this second half for
this one spectral window and then rerunning the pipeline gave
excellent results.

Further imaging and analysis of the data was also conducted
in CASA. The continuum data were imaged with two different
approaches: once using all data with a robust weighting value
of -2, and once excluding baselines of the inner 10 km (base-
lines covered between 10 and 37km) to even improve the spatial
resolution. While the normal robust -2 dataset with all data re-
sulting in a beam of 0.07′′ × 0.05′′ (PA −25◦) was better suited
for studying the spectral index, the highest-spatial-resolution im-

Fig. 3. CH3OH example spectra extracted toward the northern cm con-
tinuum peak position. The spectra are shifted of the y-axis for presenta-
tion purposes. All lines are labeled.

age with restricted baseline range and a spatial resolution of
0.06′′ × 0.05′′ (PA −32◦) was used for morphological compar-
ison. The largest scales typically recoverable with the VLA at
this frequency in the A-array are ∼ 2.4′′. The 1σ rms for both
images is ∼0.05 mJy beam−1. The molecular line data were all
imaged with a robust weighting scheme and a robust value of
0. Just the NH3(1,1) data were also imaged in natural weighting
(robust value 2) for comparison (see section 3.2). While the nat-
urally weighted NH3(1,1) image has a beam of 0.11′′ × 0.09′′

(PA −31◦), the other images with robust weighting 0 have a syn-
thesized beam of 0.08′′ × 0.06′′ (PA varying between −28◦ and
−30◦). The 1σ rms measured in an emission- and absorption-free
channel varies between 2.1 and 3.9 mJy beam−1.

3. Results

3.1. Centimeter continuum emission

The double-peaked structure of the cm continuum emission
presented in Gaume et al. (1995a), Sandell et al. (2009), and
Moscadelli & Goddi (2014) can be interpreted in a two ways:
On the one hand, this structure may be two separate protostellar
sources, whereas, on the other hand, the double-peaked structure
could also be part of one underlying jet. Our new data now al-
low us to address this question with two approaches: (a) search
for proper motions with a time baseline from December 1992
(Gaume et al. 1995a; observed in the same configuration and
wavelength as our new data) and our new data from July 2015
presented here. And (b) an analysis of the spectral index based
on the broad bandpass of the new data. Figure 1 presents an over-
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Fig. 4. Color-scale presents the 1st moment maps (intensity-weighted velocities) of the NH3 inversion transitions from (1,1) to (7,7) as indicated in
each panel. The first two left panels show the data for the NH3(1,1) line with different weighting schemes (natural weighting and robust weighting,
which is a hybrid between natural and uniform weighting). The other NH3 lines are always presented with robust weighting 0. The 1st moment
maps are clipped at a ∼4σ level. The contours show in all panels the 1.2 cm continuum emission in levels of 8% to 98% of the peak emission
(7.4 mJy beam−1). The two stars indicate the CH3OH maser positions by Moscadelli & Goddi (2014). The line in the bottom right panel indicates
the position-velocity cut shown below.

Table 1. Parameters of main spectral lines

Line Freq. El/k ∆ν na
crit

(GHz) (K) (kHz) ( 103

cm3 )

NH3(1,1) 23.694506 22 15.625 2
NH3(2,2) 23.722634 63 15.625 2
NH3(3,3) 23.870130 122 15.625 2
NH3(4,4) 24.139417 199 31.25 2
NH3(5,5) 24.532989 294 31.25 2
NH3(6,6) 25.056025 407 31.25 2

NH3(7,7) 25.715182 537 31.25 b

CH3OH(22,0 − 21,1) 24.934382 28 31.25 36
CH3OH(32,1 − 31,2) 24.928715 35 31.25 40
CH3OH(42,4 − 41,3) 24.933468 44 31.25 31
CH3OH(62,4 − 61,5) 25.018123 70 15.625 29
CH3OH(72,5 − 71,6) 25.124872 86 15.625 32
CH3OH(92,7 − 91,8) 25.541398 126 31.25 34
CH3OH(102,8 − 101,9) 25.878266 149 31.25 32

Notes: Parameters are rest frequency (Müller et al., 2001; Lovas, 2004),
lower level energy El/k, spectral resolution ∆ν, and critical density na

crit
a Calculated as ncrit =

A
C

with Einstein coefficient A and collision rate C
at 150 K.
b No collision rates in LAMBDA database

lay of the old and new data as well as a spectral index map. The
spectral index map was derived from all 16 continuum windows
between 23.6 and 25.8 GHz in CASA within the clean task us-

ing higher order Taylor terms (parameter nterm=2) to model the
frequency dependence of the sky emission. The spectral index
map is computed as the ratio of the first two Taylor terms. This
task also computes an error map of the spectral index treating
the Taylor-coefficient residuals as errors and propagating them
through the spectral index determination. The spectral index map
in Figure 1 is clipped for errors larger than 0.4.

Table 2. Continuum source parameters

R.A. Dec. S 24.6GHz

(J2000.0) (J2000.0) (mJy beam−1)

cm1 23:13:45.368 61:28:10.44 7.4
cm2 23:13:45.377 61:28:10.29 6.2

To search for proper motions, the highest possible posi-
tional accuracy is required. Table 2 presents the peak positions
and peak fluxes at 24.6 GHz. When investigating the data for
NGC7538IRS1 in detail, two issues arose. First, the positional
accuracy of the phase calibrator was incorrect by ∆R.A. ∼ 0.01′′

and ∆Dec. ∼ 0.16′′ (Moscadelli & Goddi, 2014; Goddi et al.,
2015). We corrected for this positional shift after the imaging
process. Furthermore, Moscadelli et al. (2009) and Moscadelli
& Goddi (2014) inferred proper motions for the region of -
2.45 mas yr−1/-2.45 mas yr−1 from CH3OH maser observations
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Fig. 5. Position-velocity diagrams for the different NH3 inversion lines as indicated in each panel. The direction of the cut is shown in Fig. 4. The
top left and top 2nd panels show this cut for natural and robust weighting for the NH3(1,1) lines, respectively. All other cuts are carried out for the
robust weighting case.

at 12 GHz. For the 22.58 yrs time difference between the two
observational epochs, this corresponds to a shift of ∼0.055′′ in
R.A. and Dec., respectively. To get the 1992 and 2015 data
into the same framework, we shifted the 1992 data according
to these proper motions. Fig. 1 takes both shifts into account.
Furthermore, we show the central positions of the CH3OH maser
groups IRS1a and IRS1b as presented in Fig. 11 of Moscadelli &
Goddi (2014). Since the maser positions in Moscadelli & Goddi
(2014) are from 2005, we also have to apply the above proper
motion shift to these for comparison. The final CH3OH maser
group positions plotted in this paper are IRS1a: R.A. (J2000.0)
23:13:45.368 and Dec. (J2000.0) 61:28:10.286 and IRS1b: R.A.
(J2000.0) 23:13:45.358 and Dec. (J2000.0) 61:28:10.486.

We find that the overall structure of the two central peaks as-
sociated with the two CH3OH maser positions have not moved
significantly within the spatial resolution and uncertainties of the
two observational datasets. The northern source cm1 is elon-
gated in northeastern direction, which is already visible in the
old data. No positional shift can be identified for the northern of
the two main peaks cm1, whereas the second main source cm2
exhibits a tiny shift of ∼ 0.025′′. However, this is less than half
of the synthesized beam and we refrain from further interpreta-
tion of that apparently very small shift. The additional emission
feature ∼ 0.4′′ to the south appears to have shifted slightly in
southeastern direction. Since we are mainly interested in the two
main emission peaks cm1 and cm2, we do not further analyze
the separate southern structure.

At the given distance of 2.7 kpc, our approximate average
spatial resolution element 0.055′′ corresponds to a linear resolu-
tion of ∼150 AU. Assuming a jet velocity of ∼250 km s−1 with

an inclination angle of 45◦, the 23 years time baseline between
the two observational epochs would still result in proper motions
of ∼857 AU, corresponding in an angular shift of ∼ 0.32′′, which
is well resolvable by our observations. Although the inclination
angle is unknown, jets may be even faster (Martı́ et al., 1998;
Frank et al., 2014; Guzmán et al., 2016) and hence these data
are strong evidence that a jet is unlikely the underlying cause for
the cm continuum emission.

Regarding the spectral index S ∝ να, for a hypercompact Hii
region α can vary between -0.1 for optically thin to +2 for opti-
cally thick emission. While large Hii regions are typically in the
optically thin regime at the given frequency around 24 GHz, a
hypercompact Hii region such as NGC7538IRS1 can easily be
in the (partly) optically thick regime (e.g., Franco et al. 2000).
For comparison, while ionized jets theoretically can cover the
same spectral index regime, typical emission from an ionized
jet has rather a spectral index α around +0.6 (e.g., Reynolds
1986; Purser et al. 2016). The observed spectral index α shown
in Figure 1 varies largely between 1 and 2. Therefore, the spec-
tral index analysis of NGC7538IRS1 also indicates that the cm
continuum emission is not caused by an ionized jet but more
likely is dominated by a hypercompact Hii region(s).

With the high optical depth indicated by the spectral index,
converting the cm continuum fluxes in the Rayleigh-Jeans limit
to brightness temperatures additionally gives a hint about the
temperatures of the ionized gas. Fig. 1 (right panel) shows that
the brightness temperatures of the inner region vary between ap-
proximately 2000 and 4900 K. These can be considered as lower
limits for the ionized gas temperatures because the spectral index
as a proxy of the optical depth varies throughout the region.
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Fig. 6. Integrated (left) and 2nd moment (right) maps (intensity-weighted velocity dispersion) for two NH3 and one CH3OH line as indicated
in each panel. The integration ranges for NH3(3,3), (7,7) and CH3OH(102,8 − 101,9) are [-68,-50] km s−1, [-65,-50] km s−1 and [-65,-53] km s−1,
respectively. The contours show in all panels the 1.2 cm continuum emission in levels of 8% to 98% of the peak emission (7.4 mJy beam−1). The
two stars indicate the CH3OH maser positions by Moscadelli & Goddi (2014). The synthesized beams are shown in the bottom left of each panel.

Combining the multiepoch and multiwavelength analysis
above, the central double-lobe cm continuum emission in
NGC7538IRS1 is most likely emitted by at least two embedded
protostars within their associated hypercompact Hii regions.

3.2. NH3 and CH3OH

At this high spatial resolution and with the given very strong
continuum emission, all molecular line features are only ob-
served in absorption against the continuum sources. Figures 2
and 3 show example spectra of all NH3 and CH3OH lines ex-
tracted toward the northern cm continuum peak position. For
NH3 the hyperfine structure is detected for all lines. The in-
tegrated, 1st and 2nd moment maps and the position-velocity
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Fig. 7. Color-scale presents the 1st moment maps (intensity-weighted velocities) of the CH3OH lines as shown in each panel. The contours show
in all panels the 1.2 cm continuum emission in levels of 8% to 98% of the peak emission (7.4 mJy beam−1). The two stars indicate the CH3OH
maser positions by Moscadelli & Goddi (2014). The two lines in the bottom right panel indciate the cuts for the position-velocity diagrams shown
below.

diagrams discussed below (Figs. 4 to 8) were created after in-
verting the data (simply multiplying by -1) because the corre-
sponding algorithms in CASA only work on positive data. This
inversion does not affect the kinematic signatures at all. The ex-
citation temperatures El/k and the critical densities calculated as
ncrit = A/C (with the Einstein coefficient A and the collision rate
C from the LAMBDA database; Schöier et al. 2005) are given
in Table 1 as well. While NH3 covers an excitation range be-
tween 22 and 537 K, this is slightly smaller for CH3OH between
28 and 149 K. However, while the critical densities ncrit for NH3

are around 2000 cm−3, they are more than an order of magni-
tude larger for CH3OH around a few times 104 cm−3. In addition
to this, the chosen J2 − J1 25 GHz transitions of CH3OH have
been found to emit as masers in several high-mass star-forming
regions (e.g., Menten et al. 1986; Voronkov et al. 2007; Brogan
et al. 2012). These masers are likely collisionly excited (e.g.,
Sobolev & Strelnitskii 1983) and thus form its own subgroup of
methanol Class I maser (e.g., Leurini et al. 2016). Compared to
other types of Class I masers, they need higher gas volume den-
sities for the population inversion to occur (n > 106 cm−3; e.g.,
Sobolev et al. 1998; Leurini et al. 2016). The fact that we see
the 25 GHz transitions in absorption might be an indication that
the majority of the methanol in NGC 7538 IRS1 relevant for our
absorption is residing in somewhat lower density gas.

Fig. 4 presents the 1st moment maps (intensity-weighted
velocities) of the NH3 inversion lines from (1,1) to (7,7). The
first two maps of the (1,1) transition are produced with differ-
ent weighting schemes (natural weighting and robust weight-

ing 0) recovering different spatial structures. While the natu-
rally weighted NH3(1,1) shows a bit more extended emission,
one sees a larger scale velocity gradient approximately in east-
west direction. In comparison to that, the higher resolution (ro-
bust weighting 0) image rather reveals a velocity gradient in
northeast-southwest direction, which is consistent with previous
the findings by Beuther et al. (2012, 2013), Moscadelli & Goddi
(2014), and Goddi et al. (2015). Since we are mainly interested
in the kinematics of the innermost central sources we concen-
trate in the following on the higher resolution data. All other
transitions are also presented in this higher resolution imaging
mode (robust weighting 0).

Interestingly, all seven NH3 inversion lines with excitation
levels El/k between 22 and 537 K (Table 1) exhibit almost the
same kinematic structure of the central core with one veloc-
ity gradient in approximately northeast-southwest direction, but
without any differentiation between the two continuum sources
seen in the overlayed contours (Fig. 4). These NH3 velocity
structures appear similar to the previous findings for the rota-
tional structure of the rotating envelope by Beuther et al. (2013)
and Goddi et al. (2015). Performing spectral cuts across the
main velocity gradient direction (NH3(7,7) panel in Fig. 4 in-
dicates the exact orientation), Figure 5 presents the correspond-
ing position-velocity diagrams. The two panels corresponding
to the (1,1) inversion lines exhibit three features because of the
close-in frequency-space hyperfine structure. The other six lines
only show the central strong hyperfine component. This veloc-
ity gradient is almost linear across the source. It does not show
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Fig. 8. Position-velocity diagrams for the different CH3OH lines as indicated in each panel. The top seven panels belong to the northern cut and
the bottom seven panels to the southern cut shown in Fig. 7. All cuts are performed for the robust weighting 0 case.

any hint of Keplerian motion but resembles more a solid-body
rotation diagram.

For comparison, Fig. 6 presents also the integrated absorp-
tion and the 2nd moment maps (intensity-weighted velocity dis-
persion) for two selected NH3 and one CH3OH lines. The spatial
structure of these integrated and velocity dispersion maps does
not reflect the overall velocity gradient seen in NH3, but all maps
are double-peaked toward the two cm continuum peak positions.
This shows that the largest gas column densities and strongest
line broadening are indeed associated with the two main proto-

stellar condensations. The fact that NH3 exhibits two centers of
line broadening, in spite of only a single larger scale velocity
gradient, indicates the potential existence of two smaller scale
embedded rotating structures.

The important new information now stems from the thermal
CH3OH absorption data. Similar to NH3, for CH3OH we also
present the 1st moment maps and position-velocity diagrams in
Figures 7 and 8. While the CH3OH 1st moment maps also ex-
hibit the general trend of velocities from the northeast to the
southwest, the data show a clear structural change between the
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northern and southern continuum source. With these data one
can depict for all lines with excitation levels between 28 and
149 K (Table 1) one velocity gradient across the northern contin-
uum source and one velocity gradient across the southern contin-
uum source. These two velocity gradients are almost parallel in
the east-northeast to west-southwest direction. While we identify
these velocity gradients in thermal CH3OH absorption, the pre-
viously studied CH3OH class II masers also show velocity gra-
dients approximately in the east-west direction (Moscadelli &
Goddi, 2014). Although the angles derived from the maser and
thermal absorption are not exactly the same, they are both ap-
proximately in east-west direction and both have the same orien-
tation with respect to the blue- and redshifted structure. Hence,
while the maser and thermal emission and absorption trace dif-
ferent spatial scales, both appear to stem from the same rotating
structures.

Figures 8 presents the corresponding position-velocity cuts
along the two axes outlined in the bottom right panel of Fig. 7.
For both regions we identify clear velocity gradients across the
sources, however, in both cases again without any Keplerian sig-
nature. The underlying physical reasons for these kinematic sig-
natures are discussed in section 4.2.

While the measured velocity dispersion of the two NH3 lines
varies only a bit, the velocity dispersion of CH3OH is consider-
ably narrower (Fig. 6). Only the overlap region between the two
continuum peaks shows a larger velocity dispersion, but this can
be attributed to beam smearing effects between the two peak po-
sitions. Inspecting individual absorption spectra against the main
northern continuum peak position (Fig. 9), the spectral profiles
show why the measured line widths in NH3 and CH3OH are dif-
ferent. While the peak and redshifted side of the absorption spec-
tra are similar, NH3 shows a pronounced blueshifted wing. In ab-
sorption spectra that is clear sign for outflowing gas. Because the
critical density of NH3 is an order of magnitude lower than that
of CH3OH (Table 1), it appears that NH3 also traces outflowing
gas of within the envelope whereas the CH3OH signatures are
more dominated by the rotating disk-like structures.

4. Discussion

4.1. Fragmentation and multiplicity

The high-mass star-forming region NGC7538IRS1 is intriguing
because it does not show significant fragmentation signatures in
the cold dust and gas emission at (sub)mm wavelengths. At ∼ 0.3
resolution and 1.3 mm wavelength, Beuther et al. (2012) still
identified only a single source, whereas then at ∼ 0.2′′ resolu-
tion and 843 µm wavelength first fragmentation signatures of the
innermost rotating structure could be identified (Beuther et al.,
2013). Our new (non-)proper motion analysis, spectral index
study and the kinematic signatures in CH3OH clearly confirm
that at least two very young protostars are embedded within the
innermost core. The elongation in northeastern direction of the
northern source cm1 may harbor further subsources. However,
this elongation may also be due to an underlying ionized disk-
like structure since it is approximately aligned with the CH3OH
velocity gradient. The projected separation of the two main pro-
tostars cm1 and cm2 is ∼ 0.16′′ or ∼ 430 AU. Since the two
sources are embedded in a large-scale rotating structure (Fig. 4),
they are most likely a bound binary system.

While the rotation axis of the disk-like structures around
these two protostars are almost parallel (Fig. 7), the rotation axis
of the surrounding gas envelope is inclined to the disk-like struc-
tures (Fig. 4). As the NH3 velocity gradient is approximately

Fig. 9. Example absorption spectra of NH3(7,7) and CH3OH(102,8 −

101,9) taken toward the northern cm continuum peak position. The
CH3OH spectrum is shifted slightly to positive flux density values for
better presentation.

41◦ east from north and the CH3OH velocity gradient is ap-
proximately 74◦ east from north, the relative inclination between
the two axis is 33◦. Why are the axes of the disk-like structure
around the two protostars and the surrounding envelope not bet-
ter aligned? In turbulent molecular clouds one can easily con-
sider a collapse scenario in which the different collapsing shells
within the envelope have varying angular momentum distribu-
tions already at the beginning of the collapse. Therefore, gas that
falls earlier and deeper into the gravitational potential well of
the forming cluster can have different angular momentum vec-
tors than the remnant envelope that may still feed the inner disk-
like entities. Therefore, in this scenario, misalignment between
axes on different spatial scales can qualitatively be well under-
stood. Similar results were recently obtained by Kraus et al.
(2016) with VLTI observations toward the high-mass binary sys-
tem IRAS 17216-3801.

4.2. (Non-)Keplerian motions

Where is the high-velocity gas one would expect from an embed-
ded Keplerian disk? Two main options exist as potential answers.
First, it can be a spatial resolution issue where the Keplerian ve-
locities are hidden below our angular resolution. With a spatial
resolution of ∼ 0.07′′, corresponding to a linear resolution of
∼190 AU that would limit the size of potential Keplerian struc-
ture to below that scale. However, in that picture the observations
would in principle still see the high-velocity gas, just smear it
out over the beam size. Hence, some remaining high-velocity
gas could even be observable at this spatial resolution.

Second, it may also be a physical effect because we recall
that the presented data are absorption line observations. Hence,
we only observe the gas in front of the hypercompact Hii, and we
explicitly miss the innermost ionized gas within the hypercom-
pact Hii region. Considering the scenario outlined first by Keto
(2002, 2003) in which the accretion flow changes from molec-
ular to ionized form within the inner hypercompact Hii region,
we would be missing the highest velocity gas by such molecu-
lar observations anyway. Estimating the source size of the cen-
tral hypercompact Hii regions is difficult in such a crowded area.
However, based on Fig. 1, we can estimate the projected size to
∼ 0.1′′ − 0.2′′. Assuming a spherical source structure and that
only the front half is part of our observations, we are missing
∼ 0.05′′ − 0.1′′ along the line of sight in our molecular gas data.
That corresponds to linear scales of ∼ 135 − 270 AU. Therefore,
in both scenarios, we cannot resolve the central highest velocity
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gas structures. However, while the first simple spatial resolution
argument would still “see” the high-velocity gas – just smeared
out over the beam size – the second physical argument of an in-
ner ionized Hii does not allow us to see that high-velocity gas at
all in such molecular absorption line data.

What scales are predicted by simulations for Keplerian struc-
tures around high-mass accretion disks? For example, Krumholz
et al. (2007) present position-velocity diagrams for simulations
around a forming high-mass star (8.3 M⊙ at the presented time
step) where the Keplerian signatures could be visible at least out
to radii of 250 AU. Kuiper et al. (2011) show the time evolution
of Keplerian structures around forming massive stars and the
Keplerian size increases with time. In the model of a collapsing
60 M⊙ core, the Keplerian structure grows from below 100 AU at
times earlier than 104 yrs to more than 1000 AU after 5×104 yrs.
While these are only simulated individual cases studies, they al-
ready outline the range of potential Keplerian disk sizes. With
the observed infall (e.g., Beuther et al. 2013), NGC7538IRS1
should still be at a comparably early evolutionary stage, hence
small disk sizes are possible. Furthermore, our data clearly show
the multiple structure of the region, which can truncate disks
even further.

These observations clearly outline the complicated nature of
studying high-mass accretion disks. On the one hand, extremely
high spatial resolution at sub-0.1′′ is required. However, that res-
olution is achievable now with observations at cm wavelength at
the VLA, such as those presented here, or new observations with
the Atacama Large Millimeter Array (ALMA) that can reach
even higher resolution; however, this target NGC7538IRS1 is
too far north and not accessible with ALMA.

On the other hand, it is also crucial to identify the right
sources and disk tracers. If we are dealing with hypercompact Hii
regions, ionized tracers such as radio recombination lines could
be very useful (e.g., Keto et al. 2008; Keto & Klaassen 2008;
Klaassen et al. 2009). For NGC7538IRS1, we did observe such
recombination lines simultaneously, however, the sensitivity was
insufficient for further analysis. Furthermore, as shown in Keto
et al. (2008), where they present radio recombination line data
toward NGC7538IRS1 at 22 and 43 GHz, these lines at cm wave-
lengths are typically very broad. A significant amount of the line
width at these wavelengths is caused by thermal and pressure
broadening and disentangling kinematic signatures from these
components is not trivial. Going to (sub)mm wavelengths may
improve the situation because there at least the pressure broaden-
ing is significantly reduced. Therefore, it may be more promising
to select sources at even earlier evolutionary phases where no hy-
percompact Hii region has formed yet; one hence can study the
kinematics at much smaller scales in the molecular form.

5. Conclusions

Resolving the famous high-mass star-forming region
NGC7538IRS1 at the highest spatial resolution possible at
cm wavelengths with the VLA (0.06′′ × 0.05′′ corresponding to
∼150 AU) reveals several new insights into the physics of this
archetypical high-mass star-forming region. Comparing the new
data to previous epoch observations from ∼23 yrs ago, no proper
motions can be identified. In combination with a high spectral
index largely varying between 1 and 2, we infer that the cm
continuum emission does not stem from an underlying jet, but
that it is rather dominated by two hypercompact Hii regions that
are likely formed by two separate high-mass protostars. Based
on the kinematics, these protostars appear to form a bound
system within a circumbinary envelope.

The CH3OH and NH3 spectral line data reveal different
velocity structures in absorption against the strong continuum
emission. The thermal CH3OH data show two velocity gradients
across the two continuum sources, indicating the existence of
two embedded disk-like structures. The approximate orientation
and velocity structure of these thermal CH3OH measurements
agree well with the much higher resolution CH3OH maser data
(Moscadelli & Goddi, 2014). While the two disk-like structures
are almost parallel, the NH3 data trace a rotating circumbinary
envelope that is inclined to the two disk-like structures by ∼33◦.
Such variations in rotation axis between envelope- and disk-
structures can be caused by varying initial angular momentum
distribution in the natal, turbulent molecular cloud.

The fact that we do not identify Keplerian signatures in the
disk-tracing CH3OH data is mostly caused by the nature of this
molecular absorption line data, which do not trace the inner-
most gas that is ionized already. A closer investigation of the
kinematics to the center will require recombination line obser-
vations, best conducted at (sub)mm wavelengths where the pres-
sure broadening of the line becomes negligible.
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