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The exact processes by which interstellar matter condenses to
form young stars are of great interest, in part because they bear on
the formation of planets like our own from the material that fails
to become part of the star. Theoretical models suggest that
ejection of gas during early phases of stellar evolution is a key
mechanism for removing excess angular momentum, thereby
allowing material to drift inwards towards the star through an
accretion disk” Such ejections also limit the mass that can be
accumulated by the stellar core'’. To date, these ejections have
been observed to be bipolar and highly collimated, in agreement
with theory. Here we report observations at very high angular
resolution of the proper motions of an arc of water-vapour masers
near a very young, massive star in Cepheus. We find that the arc of
masers can be fitted to a circle with an accuracy of one part in a
thousand, and that the structure is expanding. Only a sphere will
always produce a circle in projection, so our observations strongly
suggest that the perfectly spherical ejection of material from this
star took place about 33 years earlier. The spherical symmetry of
the ejecta and its episodic nature are very surprising in the light of
present theories.

Here we make use of the nature of the 1.35-cm rotational transi-
tion of H,O as a maser (microwave amplification by stimulated
emission of radiation), with brightness temperatures exceeding
10"°K>. The high brightness and the compact nature of masers
have proven to be extremely useful in astrophysical very-long-base-
line interferometry (VLBI) studies*. The very high angular resolution
of VLBI allows proper motion studies of masers on the timescales
of weeks. This has led to important discoveries, including a new way
to measure celestial distances and extremely tight constraints on the
mass of supermassive black holes in extragalactic nuclei**.

The star-forming region known as Cepheus A is the second
source in the sky ever noted to exhibit the phenomenon of bipolar
molecular outflow”®. The driver of the outflow was soon identified
as aradio continuum source associated with a high-mass star deeply
embedded in high-density molecular gas, which makes it invisible at
optical and even at infrared wavelengths. Upon closer study it was
revealed to be a biconical radio jet, although its expected associated
circumstellar disk was not seen with thermal molecular lines,
probably because of their expected faintness’’. However, fortu-
nately, strong H,O masers are present in this region. Through an
experiment on the very large array (VLA) we showed that there is a
distribution of masers localized spatially in the form of a flattened
disk, centred on the jet, and perpendicular to it''. Such a configu-
ration for the disk and the jet is as predicted by theory, because it is
the accretion process within the disk which drives the outflow
process in the standard model'.
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Using the very long baseline array (VLBA) of the National Radio
Astronomy Observatory, we obtained data during three epochs in
1996 in order to study the proper motions of the masers. With an
improvement in angular resolution by a factor of 180, we find that
most of the unresolved maser features seen on the VLA are now
resolved into linear or arclike microstructures (0.4—70 av).

The detection of the proper motions of these masers depends on a
number of considerations: (1) Very accurate relative positions of
individual maser features must be achieved, as a proper motion of
10kms™ at a distance of 725 pc yields an angular displacement of
only 3 milliarcseconds (mas) in a year. This is accomplished by
phase referencing to a single isolated maser feature. The relative
positional accuracy is then a very small fraction of the synthesized
beam size, on the order of 50 microarcseconds. (2) The maps at each
epoch must be registered relative to each other. Because any indiv-
idual maser spot can have its own proper motion, referencing to a
single maser spot can result in arbitrary offsets in proper motions
between epochs. We avoid this problem by using the average
position of a number of strong maser spots (spread over a region
of about 5 arcsec size) to define a stationary reference position.
Although this implicitly assumes that the individual proper
motions of the individual maser spots average to zero, we find
that this technique in fact works well. In our field of view, we
determined proper motions which point in different directions, and
which are furthermore systematically perpendicular to the curva-
tures of the maser structures. This would not be possible if there
were a significant component of motion which has been introduced
by the use of a nonstationary reference position. (3) Whereas
individual parts of a microstructure of masers appear and disappear,
the arclike structures can be recognized easily from epoch to epoch.
This allowed us to visualize and measure their proper motions as an
entire structure.

Here we concentrate on only one particular and most unusual
maser feature. In Fig. 1A we show the arcuate structure of masers
(hereafter called R5) found south of Cepheus A HW2, at a relatively
large distance (500 Av) from the circumstellar disk associated with
this young stellar object (YSO). The detected structure, at 100 mas
in length, has an angular size similar to that of the VLA beam of the
previous observations'', and is large enough to show up as extended
emission in the corresponding VLA maps (Fig. 1B). In contrast, the
R5 structure is 200 times the synthesized angular resolution
achieved with the VLBA. Such ‘large’ coherent structures,
embedded within a large (5 arcsec) field of view, would have been
difficult to map in the early days of VLBI because of the large field of
view which must be synthesized, and this has only recently become
possible because of the rapid improvements in computing power.

Figure 1C shows that the arc of masers is fitted extremely well by a
circle of radius 62 au. The deviation from the circle is at the level of
0.1% for all three epochs. The proper motions of individual sections
of the arc are consistent with uniform expansion perpendicular to
the arc at the rate of 9 km s~ with a dynamical timescale of 33 yr (see
Fig. 1A). The high degree of symmetry exhibited both by the spatial
structure and by the proper motions suggests that we must be seeing
the limb-brightened parts of a spherical structure. In particular, the
high degree of conformity to a circle makes it unlikely that other
structures such as rings or disks or any other geometry might work,
because they must lie exactly in the plane of the sky. That the masers
are all limb-brightened structures is also consistent with the fact that
their line-of-sight local standard of rest (LSR) velocities are nearly
the same, meaning that their full three-dimensional proper motions
are in fact perpendicular to the line of sight. The lack of masers off
the arc suggests that the structure must be an extremely thin shell.
That the masers are all located within one quadrant of a circle may
suggest that there is another important process that can modify this
highly symmetrical outflow. This could be local inhomogeneity or
the winds of another source nearby, such as Cepheus A HW2.

We note that this arc structure consists of very small individual
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pieces (Fig. 1A), each roughly linear in shape (length sizes of 0.4—1
AU) but being unresolved in the perpendicular direction, and each
with a coherent velocity structure which can be described as a single
spectral line or feature. The maser emissions in the five subregions
indicated in Fig. 1A (labelled a—e) have almost the same radial

velocities during the three epochs, with Vi, = — 8.7kms ™' (a, ¢, e),
Vig= —9.6kms™ ! (b) and Vs = —8.5kms ™' (d), (systemic
velocity = — 11.7kms™!)" and line widths <0.7 kms™". The flat-

tened structures and their motions perpendicular to the arc strongly
suggest formation and excitation by a shock. The size scale of the
individual pieces may be a measure of the thickness of the shell itself.
The broken appearance of the masers along the arc is probably due
to the nonthermal nature of the masering process as well as
instabilities within the thin shell. These data can be seen to support
the expectations from theoretical models of shock excitation of
water masers'*".
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Figure 1 Water maser emission near the young star Cepheus A HW2. The H,0 maser
emission (61—523 line at 22.235 GHz) was observed with the VLBA at an angular
resolution of 0.5 mas and a velocity resolution of 0.21 km s~". We simultaneously mapped
for each epoch around 60 fields of 512 X 512 pixels X 245 velocity channels with cell
size 0.06 mas. Most of the masers detected with the VLA seven months earlier were
detected with the VLBA. We focus on one of the maser features (R5) detected 0.7 arcsec
(500 au) south of Cepheus A HW2, which has been resolved into an arc of 100 mas (72 au
at the distance of 725 pc) in length. A, Water maser positions measured with the VLBA.
Circles (blue), squares (green), and triangles (red) correspond to the masers detected on
11 February, 10 March and 13 April 1996, respectively. Close-ups of five subregions
(labelled a—e) are also shown. Offset positions are relative to a reference position located
at «(J2000) = 22h56 min17.967 s, 6(J2000) = 62° 01’ 48.75". B, Contour map of

278

%4 © 2001 Macmillan Magazines Ltd

RA offsets (mas)

the water maser emission seen with the VLA on 5 July 1995 towards the region R5

at Vs = — 8.9kms ™. Contour levels are 0.01, 0.02, 0.04, 0.08, 0.16, 0.32,

0.64 X 603 Jybeam " (VLA beam size is 80 mas)'". Dots indicate the positions of the
masers constituting the arc microstructure R5 as measured with the VLBA. The cross
marks the centre of the circle which is fitted to the arc of masers in the next panel. G, The
arc structure is fitted by least squares to a circle (including the data of all three epochs).
The cross indicates the position of the centre of the circle. Each epoch can be fitted to its
own circle to a precision of 0.1%. The radius of the fitted circles is increasing with time,
consistent with spherical expansion. There are two maser spots, detected only during the
first epoch, which do not fall on the circle. They have radial velocities which disagree with
the radial velocity on the circle, suggesting that these are spots which may be lying on the
front surface of the spherical shell.
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The coherent velocity structure within the arc is seen in Fig. 2,
which shows a position—radial velocity (LSR) map of the maser
spots in subregion (a) for all three epochs. We note in Fig. 2 that for
individual features, for example at distances of 0.3—1.8 mas and
Viss = — 8.5t0—9.5km s, we can see a clear velocity trend within
our synthesized angular resolution of 0.5 mas. This velocity trend
persists in all three epochs. Such velocity gradients are probably an
indication of a shape or local density gradient so that the shock
surface is not completely flat. A curvature in the shock surface, as in
a small bow shock structure, results in a spread in projected radial
velocity. That the very large velocity wings visible in certain cases
seem to be well localized in space, in contrast to the observable
velocity gradients in the core of the line, may be a manifestation of
the maser amplification process, which favours the line of sight with
just the right amplification conditions, and the fact that the shell is
very thin. In addition, all of these linear microstructures (a—e) are
tangential to the arc curvature, whereas the whole curved structure
shows a spatial displacement predominantly perpendicular to the
surface of the arc structure (see Fig. 1A).

The observed proper motions and morphology of the arc struc-
ture as a whole suggest that it represents a spherical bubble,
probably driven by a YSO located at the centre of the circle which
fits the arc microstructure. To date, no known continuum source at
centimetre wavelengths has been reported at this position'?. How-
ever, since our recognition of this circle of masers, we have examined
archival data from the VLA that indicate that a very faint source at
3.6 cm at the level of 0.2 mJy (epoch 1991) may have been present.
Further observations with an angular resolution better than tenths
of an arcsecond will be important for separating any underlying
source from other continuum sources in the region. Submillimetre
observations of the dust may also be important if this new centre
of star formation activity is deeply embedded. We speculate that
the underlying star is probably not a late-type star which typically
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Figure 2 Tracking the velocity structure of the maser spots over two months. This
position—velocity (LSR) map of the maser spots in subregion (a) of the arc structure
(Fig. 1A) for the three epochs (circles, squares and trianges respectively), has been
obtained along an axis with PA = — 68°, centred on the easternmost maser spot.
Velocity structures can be seen to persist in time and are stable in nature. The plot shows
that individual maser spots as well as the arc structures can be easily traced from epoch to
epoch. The evolution of these velocity structures as well as the circular morphology of the
shell of masers will be very interesting problems to study in the future. Given the short
dynamical age of 33 yr, we expect that significant changes can be seen in future proper-
motion VLBI studies.
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has a much more irregular shape when observed in water maser
emission'®.

The extremely uniform shape and thinness of the R5 arc suggest
that the observed material must derive from a single ejection event
of short duration. For the same reasons, it is also likely that the
masering material is not from local material which is being swept
but rather is direct ejecta from the young star itself. Otherwise, local
interactions in the sweeping process would not result in such a
coherent structure at the 0.1% level. Nevertheless, there are local
structural perturbations and large velocity dispersions in the arc
structure. If these local differences are present in the initial ejection,
again, we would expect that the overall morphology would not be
coherent by the time the structure has reached its present size. We
speculate that a possible scenario is an initially smoothly expanding
shell which is now overtaken by a second episode of ejection. The
strongest support for this conjecture may be the very large spread in
velocity seen in the line wings in some of the spots which remain
localized within the arc structure.

The detection of maser structures organized into arcs and other
shapes, both on large (0.1 arcsec) and small (1 mas) scales, have also
been reported previously'"'"°. Some of the more recent studies such
as the remarkable microstructures in S106IR* (bow-shock) and
IRAS 21391+5802* (loop) also support shock excitation. In par-
ticular, the SI06IR bow-shock appears to be created by the impact of
a very collimated jet with ambient matter. However, all of these
maser structures are typically very irregular in shape and kine-
matics. The uniqueness of our results in R5 lies in the extreme
circular symmetry and apparent smoothness of the structure and
the ability to trace a very large fraction of the circle. These results are
perhaps the best evidence yet for masers tracing a shock front. In
addition, the remarkable linear ‘building blocks’ forming the R5 arc
structure suggest that although the structure of the shock front
depends on the local conditions, the shock front itself is continuous
and organized over a very large solid angle as subtended from the
exciting source. Symmetrical structures can be distorted easily by
any number of means including ambient density structures or
magnetic fields, but an inherently asymmetrical structure cannot
easily be made to appear symmetrical. These results suggest that the
ejection process in young stellar systems, at least in this case, is
highly spherically symmetric, short-lived, and episodic in the
beginning. t
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Superfluids and superconductors are the only states of condensed
matter that can be described by a single wavefunction, with a
coherent quantum phase ®. The mass flow in a superfluid can be
described by classical hydrodynamics for small flow velocity, but
above a critical velocity, quantized vortices are created and the
classical picture breaks down. This can be observed for a super-
fluid flowing through a microscopic aperture when the mass flow
is measured as a function of the phase difference across the
aperture; the curve resembles a hysteretic sawtooth where each
jump corresponds to the creation of a vortex'”. When the
aperture is made small enough, the system can enter the so-
called ‘ideal’ Josephson regime'*, where the superfluid mass flow
becomes a continuous function of the phase difference. This
regime has been detected"*® in superfluid *He, but was hitherto
believed to be unobservable, owing to fluctuations’, in “He.
Here we report the observation of the ideal Josephson effect in
*He. We study the flow of “He through an array of micro-apertures
and observe a transition to the ideal Josephson regime as the
temperature is increased towards the superfluid transition
temperature, T).

In 1962, Josephson® predicted that if two superconductors are
separated by a thin insulator, then the superposition of the wave-
functions of the bulk superconductors causes the current through
the junction to depend sinusoidally on the difference in phase®,
I = I_sin(¢). This equation is known as the d.c. Josephson relation.
Here, ¢ is the phase difference (¢, — ®,) between the two bulk
systems. Similar current—phase relationships, I(¢), are observed in
other superconductor/superfluid systems with a separating con-
striction/insulator (these systems are generally known as ‘weak
links’). Such systems exhibit a variety of I(¢) relationships of
which non-hysteretic ones are referred to as demonstrating the
ideal Josephson effect’. In order to observe the ideal Josephson
effect, it is necessary for the dimensions of the weak link to be
comparable to the minimal length over which the wavefunction
can change (coherence length, ). The velocity of superflow, v, is
proportional to the phase difference across the link. This phase
difference can be changed by application of a pressure differential,
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Figure 1 Staircase patterns (amplitude versus drive). T, — T is 3.72mK (1); 154 pK (2);
61 wK (3). The data for curve 1 has been divided by 20 in xand by 10 in y. The plots are
shifted 2 pm for clarity. The height of the first step corresponds to the critical current J;, as
marked. Each subsequent step corresponds to an additional phase difference of 2, as
marked. The insert shows the schematics of the cell: it consists of a two-chamber
resonator connected by a flow path. One of the walls between the two chambers is a
flexible diaphragm made of thin metallized kapton. The diaphragm and the adjacent wall
of the volume form a capacitor, which is used to apply an a.c. pressure drive to the
resonator. The drive, in concert with the pressure difference exerted across the flow path
by the diaphragm, generates a helium flow. Diaphragm motion is measured with a SQUID-
based position sensor with a resolution of about 2 X 10~ mHz~ "2, The calibration of
this position sensor is difficult and thus the magnitudes of displacements or currents cited
here should be taken as estimates only. The temperature of the cell is controlled using
high-resolution thermometers' with nano-Kelvin temperature stability.

AP, according to the a.c. Josephson—Anderson relation’
¢'= — (m,/h)(APIp) (p is the helium density, m, is the mass of a
Helium atom). As ¢ increases, so does the velocity, until its critical
value is reached. When the link dimension is much larger than the
coherence length, the critical velocity corresponds to a phase
difference greater than 2. In this regime, the mass current, I, is
also proportional to the phase difference, because the current
density is given by p,v,, where p; is the density of the superfluid
fraction. Thus, the current—phase relationship is linear up to a
critical velocity at which one or more ‘phase slip’ events® occur,
resulting in a decrease in the phase difference by an integral multiple
of 2. Each ‘phase slip’ reduces the current by a quantized amount
and thus dissipates the kinetic energy of the flow. The system is said
to be in the phase-slip regime. As the coherence length is increased
(by approaching the superfluid transition, for example) relative to
the link size, the critical velocity decreases and corresponds to a
smaller phase difference. However, 27 phase slips cannot happen at
a phase lower than 7, because this would increase the energy.
Instead, it becomes energetically favourable to reduce the amplitude
of the wavefunction (proportional to p,) within the link* as the
phase difference approaches w. The I(¢) becomes non-hysteretic
(continuous). Here, the system is in the Josephson regime. By
combining the d.c. and a.c. Josephson relations, one obtains
I = I_sin(f — (m,/h)(AP/p)dr). Thus, it is clear that both positive
and negative values of the current can result from the application of
a positive pressure head. We call this feature (which is very
characteristic of the Josephson regime) the ‘negative inertia’ of the
liquid. Another sign of entering the Josephson regime is the
disappearance of the dissipation associated with the phase slips.
Our experiments provide the first direct evidence of these two facts
in *He.

Electron-beam lithography techniques permit us to make struc-
tures with dimensions of the order of 0.1 wm. This is comparable to
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