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In 1981, the idea of a superwind that ends the life of cool giant stars was proposed1 . Extreme OH/IRstars develop superwinds with the highest mass-loss rates known so far, up to a few 10−4 M /yr2–12 ,
hence epitomizing our understanding of the maximum mass-loss rate achieved during the Asymptotic
Giant Branch (AGB) phase. A condundrum arises whereby the observationally determined duration
of the superwind phase is too short for these stars to become white dwarfs 2–4, 6, 8–10 . Here, we report
on the detection of spiral structures around two cornerstone extreme OH/IR-stars, OH 26.5+0.6 and
OH 30.1−0.7, identifying them as wide binary systems. Hydrodynamical simulations show that the
companions gravitational attraction creates an equatorial density enhancement mimicking a short
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extreme superwind phase, thereby solving the decades-old conundrum. This discovery restricts the
maximum mass-loss rate of AGB stars around the single-scattering radiation-pressure limit of a few
10−5 M /yr. This brings about crucial implications for nucleosynthetic yields, planet survival, and
the wind-driving mechanism.
All stars with initial mass between 0.8-8 solar masses (M ) lose ∼40-80% of their mass via a dustdriven wind during the Asymptotic Giant Branch (AGB) phase, their final destiny being white dwarfs. This
wind is caused by radiation pressure on grains formed in the extended cool atmosphere due to pulsations13 .
For mass-loss rates above ∼10−7 M /yr, the associated timescale for stars to shed their mantle is much
shorter than the nuclear burning timescale, such that mass loss determines the further evolution13 . An
empirical relation between mass-loss rate and luminosity is given by Reimers original formula14 widely
used in evolutionary calculations: Ṁ = 4 × 10−13 ηL/gR, with Ṁ the mass-loss rate in units of solar masses
per year (M /yr), η a unit-less parameter, and the stellar luminosity L, gravity g, and radius R in solar
units. For η ∼ 1, the AGB lifetime is of the order of one million years, and the maximum AGB massloss rate is only a few 10−6 M /yr1 . Hence, a Reimers-like wind cannot explain the distribution of white
dwarf masses and characteristics of the planetary-nebulae population1 . Therefore, Renzini proposed in
1981 that a superwind (see Supplementary Information for terminology) with mass-loss rate of at least a
few 10−5 M /yr can develop at the high luminosity tip of the AGB phase leading to the ejection of the
residual envelope on a timescale that is very short compared with the overall AGB lifetime. The debate
over a sudden onset of the superwind phase or a gradual increase in mass-loss rate has not yet been settled,
neither has the maximum mass-loss rate been established (see Supplementary Information).
Since 1981, many AGB stars were found to have mass-loss rates consistent with the suggested superwind values15–17 . In this context, extreme OH/IR-stars are key objects. They represent a class of
intermediate-mass (2–8 M ) oxygen-rich stars at the tip of the AGB evolution with the highest mass-loss
rates discovered (between 10−5 and a few 10−4 M /yr) (see Supplementary Information). As such, these
stars underpin a crucial part of our understanding of the maximum AGB mass-loss rate achieved, and hence
of the process by which stars return mass to the interstellar medium. However, for more than a dozen extreme
OH/IR-stars it has been shown that the superwind phase lasts only ∼200–1 000 years and was preceded
by a phase with mass-loss rate one or two orders of magnitude lower (around a few 10−6 M /yr)2–4, 9, 10 .
Given an expected superwind lifetime of some ten thousand years to allow the stars to reduce their mass
below the Chandrasekhar limit, the probability of observing a dozen stars with almost the same superwind
age (of ∼200–1 000 years) is unrealistically small (see Methods). Statistical reasoning implies that the
∼10−4 M /yr superwind duration for these extreme OH/IR-stars cannot be much longer than ∼1 000 years
(see Methods). This duration is, however, too short for these stars to become white dwarfs resulting in a
conflict with initial-final mass relations deduced from young stellar clusters18 .
Two prototype stars of this class of extreme OH/IR-stars have been observed with ALMA. Obser-
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vations of low-excitation rotational lines of 12 CO were obtained for OH 26.5+0.6 and OH 30.1−0.7 (see
Fig. 1, Fig. 2, see Methods, see Supplementary Information). The CO data show a centralized bright emission region with full width at half maximum (FWHM) of ∼0.00 4–0.00 6. This value is similar to the FWHM
of the dusty envelope which was interpreted as a measure for the superwind envelope with duration of only
∼130–200 (∼440–650) years for OH 26.5+0.6 (OH 30.1−0.7)4, 9, 10 . A distinct feature in the ALMA data
of both targets is an incomplete ring-like pattern (see Fig. 1, Fig. 2). The position-velocity diagrams (see
Fig. 3) reveal that this incomplete ring-like pattern is characteristic for a shell-like spiral created by the
orbital motion of the mass-losing AGB star around the center of mass of a binary system19, 20 (see Methods, see Supplementary Information). We deduce an orbital period of ∼430 (∼590) years and mean binary
separation of ∼24 (∼38) stellar radii (R? ) for OH 26.5+0.6 (OH 30.1−0.7) (see Methods).
The detection of a binary-induced shell-like spiral in both OH/IR-stars puts the evolutionary and statistical problem of the short superwind phase in extreme OH/IR-stars in a new perspective. Hydrodynamical
simulations for a binary system resembling OH 26.5+0.6 (Fig. 15 in Mastrodemos et al.21 ) show a wind
pattern similar to the ALMA data with the appearance of an incomplete ring-like pattern arising from a
spiral shock with spiral-arm spacing (of ∼400 R? ) comparable to the one derived for OH 26.5+0.6 (∼100 or
∼350 R? ). Of prime importance for this study is the emergence of a compact high-density region within
∼150 R? from the primary star caused by the gravitational focusing by the binary companion (Fig. 15 in
Mastrodemos et al.21 ). This extent of ∼150 R? corresponds to a radial crossing time of ∼100 years, much
in resemblance with the duration of the high mass-loss (superwind) phase of OH 26.5+0.6 (∼130 years).
This compact equatorial density enhancement (CEDE) has a density contrast of a factor ∼10 compared to
the background intrinsic wind density19 (see Methods). This CEDE renders superfluous the concept of a
very short extreme superwind phase in OH 26.5+0.6, i.e. the compact higher density region in the vicinity of
OH 26.5+0.6 – and likewise in OH 30.1−0.7 – is caused by the direct gravitational interaction with a binary
companion and does not signal an abrupt change in mass-loss rate. The ALMA position-velocity diagrams
and asymmetries reported in other observational diagnostics allow us to deduce the orientation of the lower
density orbital axis and higher density orbital plane (see Fig. 4, see Methods).
The ALMA data of OH 26.5+0.6 and OH 30.1-0.7, and statistical reasoning imply a general argument
that a large fraction, if not all, extreme OH/IR-stars reported to have a short ∼10−4 M /yr superwind phase
are part of a binary system. With an observed binary frequency for intermediate mass stars of at least 30–
45%, increasing to 60–100% for extreme OH/IR stars with initial mass around 5–8 M 22, 23 , the chance of
observing the imprints of binary interaction is high. As such, the intense superwind phase in extreme OH/IRstars is neither short nor problematic. A CEDE resolves the statistically unlikely situation of detecting a
dozen stars having the same short ∼10−4 M /yr superwind age (of ∼200–1000 years) if the superwind
lifetime would be much longer, as required from evolutionary considerations. Moreover, one cannot use the
measured geometrical extent of the compact high-density region to estimate a duration since the velocity
vector field does not follow a radially-streaming pattern in the vicinity of the binary stars21 .
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The idea of a binary-induced CEDE mimicking a short intense superwind phase also explains (i) the
continuous distribution of infrared colors of observed OH/IR samples, (ii) the absence of evidence of
episodic superwind bursts, (iii) the bipolar or multipolar morphology frequently detected in (pre-)planetary
nebulae (PNe), and (iv) the detection of micron-sized grains in some (pre-)PNe (see Supplementary Information). An important consideration is that all extreme OH/IR-stars with suggested short intense superwind
phase display crystalline silicate features. Since we attribute the density enhancement to binary interaction, and following argumentation on crystal formation24, 25 , we suggest processing of grains into crystalline
lattice structures in the CEDE (see Methods). Conversely the presence of crystalline silicates in the envelope surrounding OH/IR-stars can be seen as an indicator for binary interaction creating an environment
facilitating the crystallization of grains.
A crucial implication of this paradigm shift, linking the behavior of extreme OH/IR-stars to binary
interaction, deals with stellar evolution, in particular with the maximum mass-loss rate attained during the
AGB phase. This rate rules the fate of the star and in a broader context dictates the chemical enrichment
of the interstellar medium by evolved stars. Observational studies26 suggest that the maximum mass-loss
rate during the superwind phase can exceed the single-scattering radiation pressure limit (Ṁ = L/vc, with
v the wind velocity, c the speed of light, and typical values around a few 10−5 M /yr) by a factor of ∼10.
Dynamical models put forward a more conservative factor around 1–227, 28 . The realization that all reported
high mass-loss rate values concern extreme OH/IR-stars (in binary systems) and are based on simplified
1D analyses of warm (crystalline) dust grains residing close to the star, hence in the CEDE, leads to the
conclusion that the reported mass-loss rates have been overestimated with a factor of a few up to ∼100
(see Methods). Low-excitation CO lines are the prime accurate probes of the mass-loss rate yielding values
around ∼(0.1–3)×10−5 M /yr (see Methods). This establishes a threshold for the maximum mass-loss rate
around the single-scattering radiation pressure limit. This conclusion has important consequences for stellar
evolution models implementing mass-loss rate prescriptions (see Supplementary Information) and for our
understanding of the wind-driven mechanism in AGB stars. Lowering the maximum mass-loss rate in stellar
evolution models implies an increase in the AGB lifetime and impacts the nucleosynthetic yields returned to
the interstellar medium both in terms of light and heavy (s-process) elements, due to the occurrence of extra
thermal pulses and more third dredge-up episodes, with expected differences up to an order of magnitude29 .
A lower mass-loss rate over a longer time lapse also allows for a more progressive mass transfer and possibly
a higher total AGB material captured by the companion in binary systems undergoing wind-mass transfer.
This can explain why a fraction of carbon enhanced metal poor stars have accreted as much as 0.1–0.2 solar
masses of material from their AGB companion30 . A lower mass-loss rate also facilitates the survival of closeby gas planets by avoiding thermal evaporation31 . State-of-the-art hydrodynamical models investigating the
wind driving in oxygen-rich AGB stars based on stellar pulsations and radiation pressure on dust need
substantial finetuning to reach mass-loss rates of ∼10−5 M /yr27 and very speculative mechanisms have
been invoked32 to explain mass-loss rates substantially beyond this limit. For a maximum mass-loss rate
not exceeding the single-scattering radiation pressure limit, we infer that the dust-driven wind scenario can
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explain the mass loss in all AGB stars with pulsation periods above ∼300 days.
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Figure 1: ALMA 12 CO J=3-2 channel map of OH 26.5+0.6. The map shows the incomplete
ring-like pattern due to a binary-induced shell-like spiral structure. The ordinate and co-ordinate
axis give the offset of the right ascension and declination, respectively. North is up, East is left.
The ALMA beam size is shown as a white ellipse in the bottom left corner of each panel. The
systemic velocity is at ∼28 km/s. An animated video slicing through the velocity frames of the
channel maps is provided in Supplementary Video 1. The contrast is best visible on screen.
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Figure 2: ALMA 12 CO J=3-2 channel map of OH 30.1−0.7. The map shows the incomplete
ring-like pattern due to a binary-induced shell-like spiral structure. The white arrows indicate the
knots caused by the overlap of gravitationally induced density wake by the companion with the
spiral-shell pattern19 (see Supplementary Information). The systemic velocity is at ∼99 km/s. An
animated video slicing through the velocity frames of the channel maps is provided in Supplementary Video 2. The contrast is best visible on screen.
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Figure 3: Position-velocity (PV) diagrams of the 12 CO J = 3–2 emission in OH 26.5+0.6 (top)
and of the the 12 CO J = 2–1 emission in OH 30.1-0.7 (bottom). Top panel: PV-diagram of the
12
CO J = 3–2 emission in OH 26.5+0.6 for a position angle (PA) of −5◦ (left) and 85◦ (right). The
resulting PV-diagrams are characteristic for a binary-induced shell-like spiral structure19, 20 . The
binary system is viewed at an inclination angle, i, around 60◦ –75◦ (see Fig. 11 and Fig. 13 in
Homan et al.20 ). The systemic velocity is at ∼28 km/s. The lack of emission at velocities between
12 – 16 km/s is caused by the blue-wing absorption33 . Bottom panel: PV-diagram of the 12 CO
J = 2–1 emission in OH 30.1-0.7 for a position angle (PA) of 75◦ (left) and 165◦ (right). As in the
case of OH 26.5+0.6, the resulting PV-diagrams are characteristic for a binary-induced shell-like
spiral structure19, 20 . In the PV-diagram along the line of nodes of the knots (see Fig. 2), hence
at a PA of 165◦ , the knotty structure is present at the systemic velocity (of ∼99 km/s, see white
arrow), confirming the existence of the companions wake in the orbital plane34 . The binary system
is viewed at an inclination angle, i, around 50◦ –70◦ . The lack of emission at velocities between
80 – 85 km/s is caused by the blue-wing absorption33 . The contrast is best visible on screen.
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Figure 4: Sketch of the OH 26.5+0.6 binary system. Sketch of the inner 1000 wind region of
OH 26.5+0.6 indicating the different observations that signal a binary companion. The reflect
motion of the primary OH/IR-star causes a one-arm spiral structure with an extent almost reaching
the orbital axis. This spiral structure is seen at a high inclination angle (i = 60◦ – 75◦ ) and as such
reveals itself in an incomplete ring-like pattern (see grey areas in the sketch). From the ALMA
data, we infer an orbital axis with a position angle (PA) of −5◦ ± 10◦ . A higher density region
with FWHM of ∼ 0.00 6 (in pink) is detected in molecular (CO, SiO) and dust emission. This region
was hitherto misinterpreted as a sign for a very short superwind phase. We show that this region is
an equatorial density enhancement situated in the orbital plane caused by the direct gravitational
focussing of the binary companion.
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Methods
The statistical probability of observing stars having a ∼10−4 M /yr superwind with age of ∼1 000
years
For extreme OH/IR-stars (see Supplementary Information for the definition of this class of objects) like
OH 26.5+0.6 and OH 30.1−0.7 with an initial mass between 4–8 solar masses, the estimated Asymptotic
Giant Branch (AGB) lifetime during the thermally pulsating phase is between 0.01–0.35 million years35 .
More than a dozen extreme OH/IR stars within a distance of ∼4 0000 parsec have been shown to have
a current ∼10−4 M /yr superwind that was preceded by a phase with mass-loss rate one to two orders
of magnitude lower (mean mass-loss rate ∼7.4×10−6 M /yr)2–4, 6, 8–10 (see Supplementary Information).
Modelling suggests that the onset of the present-day high mass-loss rate phase was only ∼200–1 000 years
ago2–4, 6, 8–10 . For a superwind with mass-loss rate of ∼10−4 M /yr a superwind lifetime of some ten thousand years is required so that these stars lose enough mass to reach white dwarf masses. The probability of
observing a dozen stars with almost the same superwind age (of 200 – 1 000 years) is extremely small if the
lifetime of the superwind is of the order of ten thousand years. This can easily be derived by defining
• N : the number of stars in the population,
• n: the number of stars observed; obviously n ≤ N ,
• p: the number of ‘successful’ stars, i.e. stars within the window specified, in the case having a
∼10−4 M /yr superwind with age of ∼1 000 years; obviously 0 ≤ p ≤ n,
• π: probability that a star falls within the specified window; for this problem π ∼ 1 000/10 000 = 0.1.
Assuming observations are independent of each other, the probability of observing p ‘successes’ out of n is
binomial:
!
n
P (p|n, π) =
π p (1 − π)n−p .
p
One can roughly estimate the number of AGB stars which are type II OH/IR-stars (see Supplementary Information for terminology) and with infrared colours similar to OH 26.5+0.6 and OH 30.1−0.7, using the
space densities derived by Ortiz et al.36 . This yields ∼400 stars within a sphere of radius ∼4 000 parsec
around the Sun, hence N ∼ 400. For a dozen of extreme OH/IR-stars, all necessary (spectroscopic) data of
the infrared dust and CO emission are available to estimate the age of the superwind. For all these galactic
extreme OH/IR-stars, a short superwind age was retrieved2–4, 6, 8–10 . Hence, p = n ≈ 12 or
P (p = 12|n = 12, π) =

12
12

!
π 12 (1 − π)0 = π 12 = 10−12 .

This low probability implies that the superwind lifetime in intermediate-mass stars cannot be of the order
of ten thousand years. This is confirmed by the non-detection of extreme OH/IR-stars with a ∼10−4 M /yr
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superwind with age between ∼2 000 and 10 000 years. Under the assumption of single-star evolution (but
see main text), the detection of all observed extreme OH/IR-stars in that extremely short evolutionary phase
can statistically only be understood if the duration of the ∼10−4 M /yr superwind phase is not much longer
than ∼1 000 years (hence π approaches 1). However, this duration is too short for these stars to become
white dwarfs resulting in a conflict with initial-final mass relations deduced from young stellar clusters18 .
ALMA observations of OH 26.5+0.6 and OH 30.1−0.7
Aiming to better quantify the short superwind phase of OH 26.5+0.6 and OH 30.1−0.7, low-excitation 12 CO
lines of both targets have been observed with ALMA (see Supplementary Information). The data were
reduced using the CASA software package37 . The full potential of the ALMA 12 CO data is laid out in the
channel maps (see Fig. 1, Fig. 2). Both the channel maps and zero-moment maps (see Supplementary Fig. 1,
Supplementary Fig. 2 show bright emission in the central region with full width half maximum (FWHM)
of ∼0.00 4–0.00 6. For a spherically symmetric wind, this corresponds to a duration of ∼130–200 (∼440–
650) years for OH 26.5+0.6 (OH 30.1−0.7) being similar to the superwind age derived for both targets (see
Supplementary Information).
Of particular interest for this study is the emergence of an incomplete ring-like pattern in the 12 CO
channel map of both targets (see Fig. 1, Fig. 2, see Supplementary Information). This ring-like pattern
signals the presence of a binary companion19, 20, 34, 38, 39 . Position-velocity (PV) diagrams allow one to gauge
if and how density structures are correlated. The PV diagrams prove that the circumstellar envelope of both
targets is shaped by a binary-induced shell-like spiral19, 20 created by the mass-losing AGB star wobbling
around the center-of-mass of a binary system (see Fig. 3, see Supplementary Information). In addition,
the high signal-to-noise data of OH 30.1−0.7 allow us to detects knots (see white arrows in Fig. 2) which
indicate the region where the shell-like spiral pattern overlaps with the density wake caused by Bondi-Hoyle
accretion of the binary companion (see Supplementary Information).
Binary properties of OH 26.5+0.6 and OH 30.1−0.7
Hydrodynamical simulations show that for a mass-losing star in a binary system wobbling around the centerof-mass in a circular orbit an Archimedean spiral is formed in the circumstellar envelope19 . If the orbital
plane is located exactly on the plane of the sky (i = 0◦ ), this Archimedean spiral can easily be recognised
in an angle-radius plot as straight lines (see upper panel in Supplementary Fig. 3). Including the effect
of inclination, a spiral-shell structure exhibits undulations with respect to these straight lines34 . This is
illustrated for the OH 26.5+0.6 binary system in the bottom panel of Supplementary Fig. 3. As for CIT 634 ,
the inclination effect of the OH 26.5+0.6 binary system can easily be discerned in Supplementary Fig. 3.
Exploiting the asymmetry in the PV-diagrams and the presence of knots in the OH 30.1−0.7 data, one can
use the outcome of radiative transfer calculations20, 34 to estimate the inclination angle, i, of the binary
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system which is between ∼60◦ – 75◦ for OH 26.5+0.6, and between ∼50◦ – 70◦ for OH 30.1−0.7.
Assuming a circular orbit, the orbital period can be estimated from the slope of the observed emission
in the angle-radius plot40 , which for OH 26.5+0.6 yields ∼430 years. Another method exploits the spiralarm spacing39, 41 . The spiral-arm spacing is determined by the product of the binary orbital period Tp and
the pattern propagation speed in the orbital plane, which is given by41

2  2πrp
,
(1)
∆rarm = hVw i + Vp ×
3
Vp
with hVw i the wind velocity, Vp the orbital velocity, rp the orbital radius of the primary, and the orbital period
Tp given by the last term (2πrp /Vp ). The first term in the right-hand part of Eq. 1, hVw i + 23 Vp , is the pattern
propagation speed throughout the orbital plane. In AGB binary simulations, this pattern speed is close to the
wind speed19 . At the distance where the spiral arcs are detected (beyond 1.00 5 for OH 26.5+0.6 and 1.00 0 for
OH 30.1−0.7, corresponding to ∼500 and 1 000 stellar radii, respectively), the wind has already reached its
terminal velocity. The derived arm-spacing of ∼100 for OH 26.5+0.6 and of ∼ 0.00 58 for OH 30.1−0.7 yields
an orbital period of ∼350–430 years for OH 26.5+0.6 and of ∼460–590 years for OH 30.1−0.7, assuming
orbital speeds ranging up to 5 km/s. Orbital periods for other (carbon-rich) AGB binary stars displaying
spiral structures range from 55 – 830 years34, 38, 39, 42, 43 .
Isotopic ratios of carbon and oxygen indicate a progenitor mass for both targets between 5 to 8 M 44
(see Supplementary Information). The current ALMA data do not allow an accurate estimate of the companion’s mass. Assuming a total mass for the binary system between 5 to 9 M and using Kepler’s third law, the
mean binary separation is 100±20 astronomical units for OH 26.5+0.6 and 123±22 astronomical units for
OH 30.1−0.7. For a stellar radius of ∼900 solar radii (OH 26.5+0.6) and ∼700 solar radii (OH 30.1−0.7)45 ,
this corresponds to ∼24 stellar radii and ∼38 stellar radii, respectively.
Currently, we know of some dozen extreme OH/IR stars within ∼4 000 parsec having similar massloss rate characteristics as OH 26.5+0.6 and OH 30.1−0.7. Statistical reasoning implies a general argument
that a large fraction of them is in a binary system. Using the space densities of Ortiz et al.36 , we expect some
400 stars within a ∼4 000 parsec sphere having infrared colours similar to OH 26.5+0.6 and OH 30.1−0.7.
The frequency for binary companions with a mass ratio of 0.1 to 1.0 and an orbital period ranging from
∼100 - 1000 years is ∼13% for stars with mass between 2 and 5 M and is ∼17% for stars between 5 and
9 M 46 . Only considering mass ratios between 0.1 and 0.3, the binary frequency reduces to ∼6% and ∼9%,
respectively. As such, we expect more extreme OH/IR stars to be detected being part of a binary system.
Properties of the compact equatorial density enhancement (CEDE)
The seminal work of Mastrodemos & Morris21 is one of the few studies exploring the effects of the hydrodynamical interaction in AGB binaries for a large parameter space of wind velocities, circular orbit
separations, and companion masses. Although their simulations were not fine-tuned toward the specific sit-
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uation of OH 26.5+0.6 or OH 30.1−0.7 (i.e. the estimated mass of the OH/IR-stars is larger than the adopted
mass of the primary of 1.5 solar masses), their results can be used to gauge the family of wind patterns that
can arise. Of particular interest for this study is their model M7 which has a large binary period of 227 years,
a binary separation of 24 stellar radii, and a wind velocity of 15 km/s, very similar to the deduced binary
parameters of OH 26.5+0.6. The modelled wind pattern perpendicular to the orbital plane clearly shows
the appearance of an incomplete ring pattern arising from a spiral shock (see Fig. 15 in Mastrodemos &
Morris21 ). The arm-spacing is around 400 stellar radii, which in the case of OH 26.5+0.6 would translate to
∼ 1.00 2, comparable to the one derived from the ALMA data. Of prime importance for this study is the emergence of a compact high-density region within ∼150 stellar radii (hence ∼6 times the binary separation)
from the primary star caused by the gravitational focussing of the binary companion21 .
A lower limit for the density enhancement of the compact equatorial density enhancement (CEDE)
can be obtained using ballistic trajectory calculations47 . Doing so, we have calculated the density amplification factor defined as the invert of the fraction of solid angle covered by the wind:
1/ sin (θc ) = 1/ sin [arctan (H/r)]

(2)

where H is half of the extent of the wind in the direction normal to the orbital plane, r is the distance
at which H is measured and θc is the angle subtended (see top panel in Supplementary Fig. 4). A small
grid of simulations with binary parameters similar to the ones of OH 26.5+0.6 and OH 30.1−0.7 led to the
estimates in the bottom panel of Supplementary Fig. 4, where the binary mass ratio has been set to 5 and
the filling factor of the donor star to 10%. The variable β represents how fast the wind reaches its terminal
speed using a β-type velocity law48 : for β = 2 (resp. β = 3), the wind reaches 90% of its terminal wind
speed after 20 stellar radii (resp. 30 stellar radii). The beaming toward the equator is strongly dependent
on η, being the ratio of the terminal wind speed to the orbital speed, and on β. These simulations show a
density amplification of a factor of a few, which is a lower limit since cooling, which is not accounted for,
will compress the wind even more49 .
The hydrodynamical simulations of Kim & Taam19 include all physics to better quantify the density
enhancement factor. Using their simulation results, one can determine that the CEDE has a density contrast
of a factor ∼10 with respect to the background wind density. This can be deduced by comparing Fig. 4
and Fig. 10 of Kim & Taam19 . Fig. 4 only includes the effect of the wobbling of the mass-loss AGB star
around the center-of-mass (model M6), while in Fig. 10 both the wobbling of the mass-loss AGB star and
the gravitational focusing by the secondary are accounted for (model M7). The density of model M7 is a
linear superposition of the amounts of density enhancement due to the two mechanisms. The difference in
density in the inner regions between Fig. 4 and Fig. 10 is roughly a factor of 10. The density enhancement
increases for shorter radial distances and is strongly latitude-dependent. We note, however, that values
between a factor of a few up to ∼100 are not unusual depending on the specific parameters of the binary
system19, 21, 25, 50, 51 .
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The bright centralized emission seen in the 12 CO ALMA data of OH 26.5+0.6 and OH 30.1−0.7
signals the CEDE (Fig. 1, Fig. 2, Supplementary Video 1, Supplementary Video 2). The creation of a
CEDE in OH 26.5+0.6 is also supported by the infrared image of the dusty envelope of OH 26.5+0.6 that
displays a slightly oblate shape with a PA for the major axis being at 95◦ ±6◦4 . The infrared asymmetry
is also correlated with the asymmetry reported for the OH 1612 MHz maser for which a projected axis of
rotation oriented in the north-south direction was deduced52, 53 . As such, both the ALMA PV diagrams
of OH 26.5+0.6 and the oblateness of the OH and infrared dust images show morphological evidence for
the north-south direction corresponding to the lower density orbital axis and the east-west direction to the
higher density orbital plane (see Fig. 4). The direction of the orbital plane of OH 30.1−0.7 is more difficult
to constrain due to a lack of complementary observations. At the other hand, the presence of knots in the
channel map (Fig. 2) is a strong diagnostic. In the PV-diagram at a PA of 165◦ , being along the line of nodes
of the knots, the knotty structure is present at the systemic velocity (see Fig. 3), confirming the existence of
the companions wake in the orbital plane34 .
This CEDE also offers the perfect conditions for amorphous grains to be annealed into crystalline
minerals. As shown in the simulations of Edgar et al.25 , the local deflection of the wind flow by the secondary drives a shock formation lying in the orbital plane with an associated increase in temperature. A first
estimate of the post-shock temperature can be calculated using Eq. 2 of Edgar et al.25 . For the OH 26.5+0.6
and OH 30.1−0.7 binary system parameters derived above, it is straightforward to calculate that post-shock
temperatures between 1067 K (the annealing temperature of silicates54 ) and 2000 K (when grains are vaporized) are reached for the primary mass being between 6.3 M and 8.8 M , in very good agreement with the
mass estimates from the isotope analysis44 . The associated timescale for annealing is so short compared to
other timescales25 that the annealing is almost instantaneous. Hence, the shaping of the AGB wind by a
binary companion provides a mechanism for forming crystalline dust in the orbital plane.
Derived mass-loss rates for extreme OH/IR-stars
While mass-loss rates for OH/IR-stars are sometimes derived from the OH maser intensity55, 56 , the uncertainties on the derived values is large due to the inherent non-linear behaviour of masers57 . Therefore,
the methods most frequently used for mass-loss rate determinations are the analyses of (i) infrared colours
and/or dust spectral features or (ii) rotational transitions of CO gas. While both methods often suffer from
the same simplification of a 1D (spherically symmetric) geometry, the first method involves the unknown
dust-to-gas ratio and the unknown dust outflow velocities. The latter are often assumed to equal the gas
outflow velocities, which is a valid assumption in the case of gas and dust being well coupled. For the
context of this paper, one needs to assess how the binary-induced morphology of the circumstellar wind, in
particular the spiral structure and the compact equatorial enhancement (CEDE), complicates the derivation
of the mass-loss rate.
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Tracing the mass-loss rate: warm dust versus cool gas: The mass-loss rates derived from the analyses
of dust spectral features (or infrared colours) and from low-excitation CO lines yield significantly different results for extreme OH/IR-stars with the former ones being one or two orders of magnitude larger than
the values derived from CO gas (see Supplementary Information). For OH 26.5+0.6 and OH 30.1−0.7, the
values are 2–3×10−4 M /yr from dust versus ∼1 – 9.7×10−6 M /yr from CO 2, 9, 10, 45, 58 , with the singlescattering radiation pressure limit being around 5×10−5 M /yr. This discrepancy was historically interpreted as a sign of a short intense superwind phase in which the (warm) dust traces the recent high density
material close to the star, while the (cool) gas signals a lower mass-loss rate in the past (see Supplementary
Information). However, realising that OH 26.5+0.6 and OH 30.1−0.7 are part of a binary system in which
both a compact equatorial density enhancement (CEDE) and spiral structure are formed puts this discrepancy in another context. I.e., the (near-)infrared spectral energy distribution (SED) mainly traces the warm
(crystalline) dust residing close to the star, hence in the CEDE. The density in the CEDE is roughly a factor
10 higher than the background wind density. Therefore, the reported high mass-loss rate superwind values
are mainly a reflection of the higher density in the CEDE created by binary interaction, but not of the actual
mass-loss rate which will be lower. An additional complication is that SED fits for extreme OH/IR-stars
have always been based on a simplified 1D geometry. This assumption might lead to an erroneous derivation of the density structure (see Supplementary Information). Moreover, with the velocity vector field being
highly complex in the inner wind region due to the binary interaction 21 , a simple relation between density
structure and mass-loss rate is ruled out.
The real mass-loss rate is better estimated from radiative transfer modelling of various low-excitation
CO rotational lines observed with telescopes having a large beam size (hence incorporating the total wind
extent). The advantage of low-excitation CO lines is that they probe the bulk of the material in the cooler less
dense region of a stellar wind. As such, the mass in the CEDE is negligible compared to the mass probed.
One might wonder if (i.) the occurrence of a large spiral structure, (ii.) the change in mass-loss rate during
the AGB evolution, or (iii.) CO line saturation effects do not complicate the mass-loss rate retrieval from
low-excitation CO gas. Concerning the first aspect, we can rely on the studies performed by Homan et al.20 .
They have shown (see their Fig. 16, upper left panel) that one can safely analyse low-excitation CO emission
lines using a simplified 1D approach in the case of a high mass-loss rate wind in which a shell-like spiral is
embedded. To constrain the second aspect, we turn our attention again to OH 26.5+0.6 and OH 30.1−0.7,
since both targets have been studied with various instruments. For OH 26.5+0.6, the CO J=1–0 line was
imaged with BIMA and a CO envelope diameter of 8.500 ×5.500 (FWHM) was derived59 . For a distance of
1370 parsec and a wind velocity of 15 km/s (see Supplementary Information), this translates to ∼2600 years,
which is ∼25% of the interpulse period for a star with initial mass of 5 M 35 . Analogously, the 12 CO J=1–0
data of OH 30.1−0.7 yield an extent of only ∼3780 years (see Supplementary Information). For stars with
initial mass above ∼1.5 M , the mass-loss rate at the high-luminosity tip of the AGB will only marginally
change during that time interval28 , and hence the assumption of a constant mass-loss rate when analysing
a set of low-excitation CO lines is valid. The third aspect occurs for stars experiencing a high mass-loss
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rate, since the saturation of the optically thick CO lines weakens the dependence of the line intensity on the
amount of CO in the envelope60 . This effect starts to play a role for mass-loss rates above ∼3×10−5 M /yr
(i.e., similar to the single-scattering pressure limit for extreme OH/IR-stars), and the application of analytical
formulae relating the CO line intensity with mass-loss rate should be done with care45 . For mass-loss rates
above that limit, dedicated radiative transfer modelling can cope with that effect61 . Hence, none of the three
aforementioned aspects impedes the use of low-excitation CO lines to derive the mass-loss rate of (extreme)
OH/IR-stars. Additional advantages of the use of low-excitation CO lines are that the dust-to-gas conversion
ratio is not needed and that the width of the CO lines yields the overall wind expansion velocity since the
spiral-pattern propagation speed (Eq. 1) is close to the wind speed19 . Therefore, the equation of massconservation, Ṁ = 4πr2 ρ(r)v(r), can be used to convert the derived gas density structure, ρ(r), into a value
for the mass-loss rate. Hence, we conclude that various low-excitation CO lines should be used to determine
the mass-loss rate in (extreme) OH/IR-stars yielding typical values around (0.1–3)×10−5 M /yr2, 9, 58 , i.e.
not exceeding the single-scattering radiation pressure limit, and potentially even remaining lower by a factor
of a few.
The uncertainty on mass-loss rate values as derived from low-excitation CO lines is typically a factor
of
which is partly caused by the impossibility to have direct knowledge on the [CO/H2 ]-ratio. The
latter value is taken from AGB stellar nucleosynthesis models which predict a value around 3 × 10−4 with
an uncertainty of a factor of 215, 62, 63 . It might be expected that the mass-loss rate varies during thermal
pulse cycles. Following the argumentation given in the Supplementary Information based on dynamical
atmosphere models28 , we expect that as the star evolves and the mass-loss rate reaches the single-scattering
radiation pressure limit, the impact of thermal pulses or pulsations on variations in the density structure
is modest64 , being a factor ∼2. Taking this into account and realizing that the single-scattering limit for
extreme OH/IR stars is ∼5×10−5 M /yr, this study puts forward a maximum mas-loss rate during the
AGB-phase around the single-scattering radiation pressure limit.
∼360 ,

Data availability The ALMA data from proposals 2015.1.00054.S, 2016.1.00005.S, and 2016.2.00088.S
can be retrieved from the ALMA data archive at http://almascience.eso.org/aq/. The data
that support the plots within this paper and other findings of this study are available from the corresponding
author upon reasonable request.
Code availability Figs. 1–3, and Supplementary Figs. 1–2 are made using CASA37 . Supplementary Fig. 3
is made using a simple python script that can be distributed upon request. Supplementary Fig. 4 is based on
ballistic trajectory calculations by one of the co-authors47 solving the equation of motion using a classical
fourth order Runge-Kutta scheme. The code is available for collaboration with I.E.M. upon reasonable
request.
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