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STELLAR PHYSICS

Observing the onset of outflow
collimation in a massive protostar

C. Carrasco-Gonzalez,* J. M. Torrelles,> J. Canté,® S. Curiel,® G. Surcis,*
W. H. T. Vlemmings,” H. J. van Langevelde,*¢ C. Goddi,*” G. Anglada,?

S.-W. Kim,*° J.-S. Kim," J. F. Gomez®

The current paradigm of star formation through accretion disks, and magnetohydrodynamically
driven gas ejections, predicts the development of collimated outflows, rather than expansion
without any preferential direction. We present radio continuum observations of the massive
protostar W75N(B)-VLA 2, showing that it is a thermal, collimated ionized wind and that it has
evolved in 18 years from a compact source into an elongated one. This is consistent with the
evolution of the associated expanding water-vapor maser shell, which changed from a nearly
circular morphology, tracing an almost isotropic outflow, to an elliptical one outlining collimated
motions. We model this behavior in terms of an episodic, short-lived, originally isotropic ionized
wind whose morphology evolves as it moves within a toroidal density stratification.

ater-vapor masers at 22 GHz are com-
monly found in star-forming regions,
arising in the shocked regions created by
powerful outflows from protostars in
their earliest phases of evolution (7). Ob-
servations of these masers with very long base-
line interferometry (VLBI) indicate that at the
early life of massive stars, there may exist episodic,
short-lived (tens of years) events associated with
very poorly collimated outflows (2-5). These re-
sults are surprising because, according to the
core-accretion model for the formation of mas-
sive stars (28M ), which is a scaled-up version of
low-mass star formation, collimated outflows are
already expected at their very early phases (6-8).
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A unique case of a short-lived, poorly colli-
mated outflow is the one found in the high-
mass star-forming region W75N(B). This region
contains two massive protostars, VLA 1 and
VLA 2, separated by <0.7 arc sec [projected sepa-
ration of <910 astronomical units (AU) at the
source distance of 1.3 kpc; (9)], both associated
with strong water-vapor maser emission at
22 GHz (10, 11), and with a markedly different
outflow geometry. At epoch 1996, VLA 1 shows
an elongated radio continuum emission con-
sistent with a thermal radio jet, as well as water
maser emission tracing a collimated outflow of
~1300 AU along its major axis. In contrast, in
VLA 2, the water masers traced a shock-excited
shell of ~185 AU diameter radially expanding
with respect to a central, compact radio con-
tinuum source (<0.12 arc sec, <160 AU) of un-
known nature (72). A monitoring of the water
masers toward these two objects from 1996 to 2012
shows that the masers in VLA 1 display a persistent
linear distribution along the major axis of the
radio jet. In the case of VLA 2, we observe that
the water maser shell continues its expansion at
~30 km s 16 years after its first detection. More
important, the shell has evolved from an almost
circular structure (~185 AU) to an elliptical one
(~354 x 190 AU) oriented northeast-southwest,
along a direction similar to that of the nearby
VLA 1 radio jet (13, 14) (fig. S1) and of the ordered
large-scale (2000 AU) magnetic field observed
in the region (75). The estimated kinematic age
for the expanding shell is ~25 years, indicating
that it is driven by a short-lived, episodic outflow

event. Moreover, our polarization measurements
of the water maser emission show that whereas
the magnetic field around VLA 1 has not changed
over time, the magnetic field around VLA 2
changed its orientation, following the direction
of the major axis of the water maser elliptical
structure. That is, it now shares a similar northeast-
southwest orientation with those of both the
magnetic field around VLA 1 and the large-scale
magnetic field in the region (14, 15) (fig. S1).

All these observations suggest that we are
observing in “real time” the transition from an
uncollimated outflow to a collimated outflow
during the early life of a massive star. This sce-
nario predicts that, within the same time span of
the evolution of the shell, VLA 2 must have also
evolved from a compact radio continuum source
to an extended elongated source along the major
axis of the water maser shell. Furthermore, the
radio continuum emission of VLA 2 should have
physical properties (e.g., spectral energy distribu-
tion, size of the source as a function of frequency)
characteristic of free-free emission from a thermal,
collimated ionized wind (76, 17). This can be tested
through continuum observations at centimeter
wavelengths that usually trace the emission from
collimated, ionized winds (17, 18).

Taking advantage of the high sensitivity and
high angular resolution of the Jansky Very Large
Array (VLA) at centimeter wavelengths, we ob-
tained new observations in 2014 at several bands
in the frequency range from 4 to 48 GHz (19).
These highly sensitive observations confirmed
the expected scenario proposed above. The source
VLA 2 is detected at all bands. In the images of
higher-frequency bands [U (~15 GHz), K (~23 GHz),
and Q (~44 GHz)], which have higher angular
resolutions (~0.1 to 0.2 arc sec), the source VLA 2
appears clearly elongated in the northeast-southwest
direction (Fig. 1). Water maser emission was also
observed simultaneously with the K band contin-
uum emission (Z9), allowing a very accurate align-
ment (better than ~1 milli-arc sec) between the
masers and the continuum emission. We find that
the elongation of the continuum emission is in good
agreement with that of the water maser distribu-
tion (Fig. 1).

Comparison of the radio continuum emission
of VLA 2 at K band between epochs 1996 (10) and
2014 is shown in Fig. 2. Whereas in 1996 the
emission was compact, in 2014 we observed ex-
tended emission in the northeast-southwest direc-
tion. In particular, the core of the radio continuum
emission of VLA 2 has evolved from a compact
source in 1996 (<160 AU) to an elongated core
with a full width at half-maximum (FWHM) of

sciencemag.org SCIENCE



RESEARCH | REPORTS

~220 AU x <160 AU (position angle = 65°) in 2014
This evolution is consistent with those of the ex-
panding water maser shell and of the magnetic
field over the same time span (fig. S1) (14)). This
core elongation is clearly seen in all the images
that we have made by weighting the interfer-
ometer uv data in different ways, from natural
to uniform (19) (fig. S2). In addition, we also found
that the VLA 2 source exhibits weak extended
emission at distances of ~390 AU southwest from
the peak position, which was not detected in
1996. Because the sensitivity attained in our 2014
observations (~10 pJy beam™) is a factor of ~15
better than in 1996 (~150 uJy beam™), it is plau-
sible that the weak extended emission was already
present in 1996 but not detected because of the
lower sensitivity in those observations. That the
peak intensity of VLA 2 has significantly decreased
from 1996 to 2014, while total flux densities in both
epochs have remained similar (table S3), rather
suggests that the radio continuum emission from
VLA 2 arises from a larger, more elongated struc-
ture in the 2014 epoch (see model below). In addi-
tion, the distribution of the water masers follows
the observed morphology of the continuum emis-
sion at both epochs (Fig. 2), indicating that they
trace a molecular shell surrounding the radio con-

W75N(B)
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tinuum source. We also considered the possibility
that the extended radio continuum emission in
2014 is actually the signature of a new variable
protostar. Nevertheless, this hypothesis is ren-
dered unlikely by the spatial coincidence of this
new radio continuum emission with VLA 2.

As a result of the wide bandwidths provided
by the VLA, we performed an analysis of the be-
havior of the flux density and of the size of the
major axis of VLA 2 with frequency (19) (table S3
and fig. S4). This analysis was carried out only
at U, K, and Q bands, whose high angular res-
olution allows us to completely isolate the emis-
sion of VLA 2 from the other sources in the field.
We find that the flux density (S,) at the lowest
observed frequencies (U and K bands) is dom-
inated by free-free emission with a spectral in-
dex ag = 0.61 (S, o< v*™). Moreover, we also find
that the size of the major axis of VLA 2 (0) de-
creases with frequency as a power law (6 o< vP),
with an exponent B = —0.7. The behavior of both
the flux density and the size of the major axis of
VLA 2 is in good agreement with what is ex-
pected from a thermal, collimated, and ionized
wind (16, 17). The presence of water maser emis-
sion and the detection of shock-excited SiO emis-
sion highly concentrated toward this source (20)

DEC Offset (arcsec)

02 0.0 -02 -0.4

RA Offset (arcsec)

Fig. 1. Radio continuum maps of the core of W75N(B) star-forming region obtained with the VLA in
2014 at several bands (C, U, K, and Q). Left panel shows the C band (5 GHz) image of the region
enclosing the sources VLA 1, 2, and 3. Right panels show close-ups to the VLA 2 source at U (15 GHz), K
(23 GHz), and Q (43 GHz) bands. In the K band panel, we also show the positions of the water masers (plus
symbols) observed simultaneously to the K band continuum, as well as the methanol masers (black dots).
As seen in the right panels, VLA 2 appears elongated at all frequencies. This elongation is similar to that of
the maser distribution. Contours are 4, 8, 16, 32, 64, and 128 times the root mean square (RMS) of each
map: 30 wly beam™ (C band), 11 wJy beam™ (U band), 10 pJy beam™ (K band), and 12 pJy beam™ (Q
band). The restoring circular beam of each map (shown in the bottom left corner) is 0.31", 0.15", 0.12", and
0.07" for C, U, K, and Q band, respectively (0.1" = 130 AU at the source distance of 1.3 kpc). In all panels, the
absolute position of the (0,0) is at right ascension RA(J2000) = 20"38™M36.486° and declination DEC
(J2000) = +42°37'34.09" (+0.03"), the peak position of VLA 2 at Q band, where the massive protostar is
expected to be located. The accuracy in the relative positions of the water and methanol masers with
respect to the K band continuum is better than ~1 and ~ 30 milli-arc sec, respectively (19).
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further support a very fast wind interaction region
rather than an HII region. The VLA 2 wind could
contribute, together with the winds from the other
young stellar objects (YSOs) in the region, to the
large-scale (~2 pc) molecular outflow observed in
the W75N(B) star-forming region (21).

At the highest observed frequencies (Q band),
the emission deviates by ~30% from the expected
flux densities of the ionized wind at these fre-
quencies, showing in addition a steeper spectral
index that can be easily explained by the presence
of thermal dust emission. The presence of thermal
dust emission at frequencies higher than 40 GHz
is commonly found in protostars and is related to
the presence of a dusty circumstellar disk around
the protostar and/or to a dusty envelope. Our data
suggest that the spectral index of the dust compo-
nent in the observed wavelength range is o, = 3
to 4 (fig. S4, a value similar to what is commonly
found in massive protostars (22, 23).

In summary, our observations reveal that the
radio continuum source VLA 2 has evolved in
only 18 years from being a compact source to
become an elongated source in the same direc-
tion as that of the water maser shell and the
magnetic field. Moreover, the characteristics
of the continuum emission and the distribution
of the water masers in VLA 2 are now consist-
ent with a thermal, collimated ionized wind,
surrounded by a dusty disk or envelope. We in-
terpret these results in terms of the evolution of
an episodic, short-lived, originally isotropic ion-
ized wind interacting with a toroidal environ-
mental density stratification.

The interaction of a wind with the surrounding
environment produces a two-shock structure
that travels away from the star. The outer shock
accelerates the environment, whereas the inner
shock decelerates the wind. For young stars
with moderate wind velocities (a few hundred
km s™), both the inner and outer shocks are, in
general, radiative and result in the formation of
a thin expanding shell bounded by the two shocks.
In (24), we model this scenario for the case of a
steady isotropic wind with mass loss rate M,
and terminal velocity V,, surrounded by a torus
of dense material with a density distribution of
the form p(R,0) = po/(l+[R/Rc(9)]2). R is the dis-
tance from the star; R.(8) = Ro(1 + psin®6) is the
latitude-dependent radial size of the core, with
6 the polar angle measured from the symmetry
axis of the torus; py is the density of the molecular
core; and p is related to the density contrast be-
tween the equator (6 = /2) and the pole (6 = 0)
of the toroidal environment. This density distribu-
tion implies that for R << R, the density is nearly
uniform, that is, independent of direction and ra-
dial size, whereas for R >> R, the density decreases
as 1/R? which is the behavior of the density of self-
gravitating isothermal spheres at large distances.

Our model (24) shows that at small radii (R <<
R.), the shell grows isotropically (with no angular
dependence), the initial velocity of the expand-
ing shell is the velocity of the wind, and the shell
decelerates owing to the incorporation of envi-
ronmental material with zero velocity. The ex-
pansion at large radii (R >> R.) has two important
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Fig. 2. Comparison of the
K band continuum emis-
sion of VLA 2 in epochs
1996 (top) and 2014
(bottom). The (0,0) posi-
tion is the same as in Fig. 1.
Contours are 30, 40, 50,
60, 70, 80, and 90% of the
peak intensity in 1996
(142 mJy beam™) (RMS =
150 pJy beam™), and 5, 10,
20, 30, 40, 50, 60, 70, 80,
and 90% of the peak
intensity in 2014 (0.82 mJy
beam™) (RMS = 10 ply
beam™). Both maps were
obtained with the same
restoring circular beam of
0.12" (shown in the bottom
left corner of each panel).
In both panels, the half-
power level is shown as a
dashed line. We also show
the water maser positions
(plus symbols) for epochs
1996 and 2014 as observed
with the VLA by (10) and
this work, respectively. The
position of the methanol
masers for epoch 2014
(black dots; this work) are
also indicated. The FWHM
size of the radio continuum
emission has evolved from
a compact source into an
elongated source in the
northeast-southwest direc-
tion, in a direction similar to

DEC Offset (arcsec)

0.2

0.1

0.0 -0.1
RA Offset (arcsec)

-0.2 -0.3

-0.4

that of the observed evolution of the water maser shell and magnetic field in VLA 2 (14) (fig. S1).

Fig. 3. Evolution of an
isotropic ionized wind
driving the shock-excited
water maser shell and
that interacts with a to-
roidal environmental den-
sity stratification (24).
The model predicts an ini-
tial round shell, evolving
into an elongated shell that
expands faster along the
symmetry axis of the torus.
Here we represent density
isocontours of the toroidal
environment (blue con-
tours) for values p/po = 0.1,
0.3, 05, 0.7 and 0.9 [Egs.
El and E2 with p = 5; see
(24)]. The spatial evolution
of the shell as a function of
time t after the initial ejec-
tion of the wind (red con-
tours) is shown for values
t/to = 1, 5, 10, 20, 30, and
40 with to = 0.5 years

Shell evolution

4 2

[adopting Vi, = 250 km s™ and R = 28 AU from (24)].
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physical characteristics. First, there is a strong an-
gular dependence of the expansion velocity of the
shell, being much larger along the symmetry axis
of the torus than along its equator; and second,
this expansion velocity asymptotically tends to
an angular-dependent constant value. Thus, this
isotropic wind + torus model can explain the dis-
tinctive characteristics of our radio continuum and
water maser observations (the transition from a
nearly spherical outflow to a collimated, elongated
one over a short period of time and the expan-
sion of the masers at constant velocity), because
the shell tends to expand faster along the sym-
metry axis of the surrounding torus (Fig. 3).

In our model (24) (Fig. 3), we identify the semi-
major axis of the water maser shell reported at
different epochs by (74) with the evolution of the
shell radius along the symmetry axis of the sur-
rounding torus (0 = 0), and the semi-minor axis of
the water maser shell with the shell size along the
equator (0 = w/2). Taking this into account, and
assuming that the radio continuum source VLA 2
traces the emission of the ionized wind that drives
the shell, we can find a range of possible physical
values to fit the observations. In particular, we
obtain values for the mass loss rate and terminal
wind velocity of M, = (4 to 11) x 107"M, year™
and V,, = 110 to 350 km s, respectively. In
addition, for the initial epoch of ejection of the
wind, we found ¢; = 1984 to 1985, with uniform
density core radial size Ry = 26 to 29 AU and
particle density no = (4 to 6) x 107 cm ™.

All the parameters estimated by our model
match those expected for a massive protostar
embedded in a high-density environment. Further-
more, from the thermal dust emission at 7 mm
(after removal of the free-free contamination),
we roughly estimate a total (dust + gas) mass
of 20.001M (19). This mass corresponds to
an average particle density of 22 x 107cm™ in
a region of ~0.2 arc sec (the maximum size of the
region where we detect 7-mm continuum emis-
sion; Fig. 1). Within the uncertainties of the esti-
mates (19), we find that these values are consistent
with the parameters of the toroidal gas structure.

Our data do not allow us to determine what
the morphology of the radio continuum emission
was like at scales <0.1 arc sec in 1996. In particular,
we cannot rule out that the source was already
slightly elongated, with a size smaller than the
beam, in 1996. However, 1996 corresponds to an
epoch ~10 years after the estimated launch time
(1983 to 1984). According to our model, with that
time interval, some deviation from an originally
spherical wind should already be expected (Fig. 3).
The combination of all our radio continuum re-
sults, together with other important available data,
can provide a coherent scenario for this source.
Our scenario proposes a change in the collimation
of the wind, from a poorly collimated outflow
(maybe initially spherical) to a highly collimated
wind, and this is consistent with all the available
data: a compact continuum source and water ma-
sers poorly collimated in 1996, an elongated radio
continuum source, and collimated water masers
in 2014. We can then affirm that a change in the
collimation of the wind has taken place in this
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time span. We also find that the ionized wind, the
water maser shell, and the magnetic field in VLA
2 (at scales of a few hundred AU) have all evolved
spatially in the same sense, sharing now a similar
northeast-southwest orientation. This is similar
to the orientation of the magnetic field in the
neighboring radio jet VLA 1 and of the “large-
scale” (~2000 AU) magnetic field in the region
(14, 15). Therefore, the magnetic field at these
“large scales” might control the formation of both
objects (VLA 1 and VLA 2). In particular, we think
that the magnetic field could have favored the
formation of the toroidal gas structure around
VLA 2, with its symmetry axis also oriented
northeast-southwest, as in our model.

The proposed scenario can thus explain the sin-
gular evolution of an episodic, short-lived (~30 years),
originally noncollimated outflow, traced by the
water masers, into a collimated outflow by its inter-
action with the ambient medium. Our observa-
tions and modeling reveal that the collimation of
these short-lived outflow events from massive
protostars occurs at relatively large distances from
the central star, at radii between ~30 AU (the
radial size obtained from our model for the initial
expansion of the shell) and ~100 AU (the radius
where the expanding shell turned out from a round
to an elliptical shape; fig. S1) [see also (25, 26)].
These scales are on the order of those predicted
for poorly collimated outflows in magnetized, mas-
sive collapsing cores during the very early stages
(~10® to 10* years), according to the magnetohy-
drodynamic simulations developed by (27). How-
ever, these simulations can only produce relatively
low-velocity (~10 km s™), poorly collimated out-
flows, which seem still insufficient to explain the
larger wind velocities (2100 kms™) needed to
drive the expanding motions of the shock-excited
water maser shell in VLA 2. We also considered
the scenario in which a very young spherical com-
pact HII region embedded in an accretion disk
begins to expand, following the model in (28).
In this model, the HII region evolves to a bi-
polar morphology along the symmetry axis of the
accretion disk, producing a wind driven by the ther-
mal pressure of the ionized gas. However, the
relatively low velocity of that wind (<30 km s7%)
(26) seems also insufficient to shock excite and
drive the expanding water maser shell.

In summary, although episodic, short-lived out-
flows in massive protostars are probably related to
episodic increases in the accretion rates, as ob-
served in low-mass star formation (29), the origin
of poorly collimated outflows with relatively high
velocities, as observed in VLA 2, deserves further
theoretical research. Our observations show the
“real time” evolution of such an originally poorly
collimated outflow into a collimated one. This opens
a new, exciting window of opportunity to study
how the basic ingredients of star formation (e.g,
molecular outflow, ionized wind, magnetic field)
evolve over the next few years, providing insights
that may have important implications for our
knowledge of the early stages of high-mass star
formation. We may be on the brink of describ-
ing and modeling in “real time” all of these rapid
changes.
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Mutation rate and genotype
variation of Ebola virus from
Mali case sequences

T. Hoenen,'* D. Safronetz,'* A. Groseth,’* K. R. Wollenberg,?* O. A. Koita,* B. Diarra,>
I. S. Fall,* F. C. Haidara,” F. Diallo,” M. Sanogo,? Y. S. Sarro,® A. Kone,? A. C. G. Togo,>
A. Traore,® M. Kodio,” A. Dosseh,® K. Rosenke,! E. de Wit,! F. Feldmann,” H. Ebihara,’
V. J. Munster,' K. C. Zoon,® H. Feldmann, 1 S. Sow’t1

The occurrence of Ebola virus (EBOV) in West Africa during 2013-2015 is unprecedented.
Early reports suggested that in this outbreak EBOV is mutating twice as fast as
previously observed, which indicates the potential for changes in transmissibility and
virulence and could render current molecular diagnostics and countermeasures ineffective.
We have determined additional full-length sequences from two clusters of imported
EBOV infections into Mali, and we show that the nucleotide substitution rate (9.6 x 107
substitutions per site per year) is consistent with rates observed in Central African
outbreaks. In addition, overall variation among all genotypes observed remains low.
Thus, our data indicate that EBOV is not undergoing rapid evolution in humans during
the current outbreak. This finding has important implications for outbreak response and
public health decisions and should alleviate several previously raised concerns.

n December 2013, an outbreak of Ebola virus
(EBOV) started in Guinea with a single index
case, resulting in widespread human-to-human
transmission in this country, as well as in neigh-
boring regions of Sierra Leone and Liberia.
Despite being by far the largest and longest-lasting
outbreak, there has been limited information re-
garding the evolution of EBOV. To date, the only
sequences published have been from virus isolates

derived from three patient samples in Guinea from
March 2014 (7) and from a cluster of sequences
derived from samples from Sierra Leone from
June 2014 (2). However, no new information has
been available during the intervening 6 months of
large-scale virus circulation, and thus these virus
sequences may no longer adequately inform us
about the nature of currently circulating strains.
This is of particular importance because diagnostics
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