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In 1981, the idea of a superwind that ends the life of cool giant stars was proposed1. Extreme OH/IR-
stars 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
companion’s gravitational attraction creates an equatorial density enhancement mimicking a short
extreme superwind phase, thereby solving the decades-old conundrum. This discovery restricts the
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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 dust-
driven 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

⌘L/gR, with Ṁ the mass-loss rate in units of solar masses
per year (M�/yr), ⌘ a unit-less parameter, and the stellar luminosity L, gravity g, and radius R in solar
units. For ⌘ ⇠ 1, the AGB lifetime is of the order of one million years, and the maximum AGB mass-
loss 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 su-
perwind 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-
vations of low-excitation rotational lines of 12CO were obtained for OH 26.5+0.6 and OH 30.1�0.7 (see
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Fig. 1, Fig. 2, see Methods, see Supplementary Information). The CO data show a centralized bright emis-
sion region with full width at half maximum (FWHM) of ⇠0.004–0.006. 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 Meth-
ods, 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 sta-
tistical 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/IR-
stars 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 Infor-
mation). 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 interac-
tion, 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 enve-
lope 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 close-
by 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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13. Höfner, S. & Olofsson, H. Mass loss of stars on the asymptotic giant branch. Mechanisms, models and
measurements. A&AR 26, 1 (2018).

5



14. Reimers, D. Circumstellar absorption lines and mass loss from red giants. Memoires of the Societe
Royale des Sciences de Liege 8, 369–382 (1975).

15. Knapp, G. R. & Morris, M. Mass loss from evolved stars. III - Mass loss rates for fifty stars from CO J
= 1-0 observations. ApJ 292, 640–669 (1985).

16. Bedijn, P. J. Dust shells around Miras and OH/IR stars - Interpretation of IRAS and other infrared
measurements. A&A 186, 136–152 (1987).

17. Wood, P. R. et al. OH/IR stars in the Magellanic Clouds. ApJ 397, 552–569 (1992).

18. Catalán, S., Isern, J., Garcı́a-Berro, E. & Ribas, I. The initial-final mass relationship of white dwarfs
revisited: effect on the luminosity function and mass distribution. MNRAS 387, 1693–1706 (2008).

19. Kim, H. & Taam, R. E. Wide Binary Effects on Asymmetries in Asymptotic Giant Branch Circumstellar
Envelopes. ApJ 759, 59 (2012).

20. Homan, W. et al. Simplified models of stellar wind anatomy for interpreting high-resolution data.
Analytical approach to embedded spiral geometries. A&A 579, A118 (2015).

21. Mastrodemos, N. & Morris, M. Bipolar Pre-Planetary Nebulae: Hydrodynamics of Dusty Winds in
Binary Systems. II. Morphology of the Circumstellar Envelopes. ApJ 523, 357–380 (1999).

22. Raghavan, D. et al. A Survey of Stellar Families: Multiplicity of Solar-type Stars. ApJS 190, 1–42
(2010).
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Figure 1: ALMA 12CO 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.

Figure 2: ALMA 12CO 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 Supplemen-
tary Video 2. The contrast is best visible on screen.
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Figure 3: Position-velocity (PV) diagrams of the 12CO J = 3–2 emission in OH 26.5+0.6 (top)
and of the the 12CO J = 2–1 emission in OH 30.1-0.7 (bottom). Top panel: PV-diagram of the
12CO 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 12CO
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 companion’s 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.

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 ⇠ 0.006 (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 thou-
sand 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,

• ⇡: probability that a star falls within the specified window; for this problem ⇡ ⇠ 1 000/10 000 = 0.1.

Assuming observations are independent of each other, the probability of observing p ‘successes’ out of n is
binomial:

P (p|n,⇡) =
 

n

p

!
⇡
p(1� ⇡)n�p

.

One can roughly estimate the number of AGB stars which are type II OH/IR-stars (see Supplementary In-
formation 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,⇡) =

 
12

12

!
⇡
12(1� ⇡)0 = ⇡

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 ⇡ 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 12CO
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 12CO 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 ⇠0.004–0.006. 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 12CO
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 center-
of-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

11



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 spiral-
arm 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

�rarm =
⇣
hVwi+

2

3
Vp

⌘
⇥ 2⇡rp

Vp
, (1)

with hVwi the wind velocity, Vp the orbital velocity, rp the orbital radius of the primary, and the orbital period
Tp given by the last term (2⇡rp/Vp). The first term in the right-hand part of Eq. 1, hVwi+ 2

3Vp, 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 1.005 for OH 26.5+0.6 and 1.000 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 ⇠ 0.0058 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 compan-
ion’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 mass-
loss 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 hy-
drodynamical 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
⇠ 1.002, comparable to the one derived from the ALMA data. Of prime importance for this study is the emer-
gence 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 amplifi-
cation factor defined as the invert of the fraction of solid angle covered by the wind:

1/ sin (✓c) = 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 ✓c 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 � represents how fast the wind reaches its terminal
speed using a �-type velocity law48: for � = 2 (resp. � = 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 ⌘, being the ratio of the terminal wind speed to the orbital speed, and on �. 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 12CO 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 companion’s 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 sec-
ondary 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 vapor-
ized) 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 un-
certainties 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 differ-
ent 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 single-
scattering radiation pressure limit being around 5⇥10�5 M�/yr. This discrepancy was historically inter-
preted 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 discrep-
ancy 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 deriva-
tion 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 12CO 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 mass-
conservation, Ṁ= 4⇡r2⇢(r)v(r), can be used to convert the derived gas density structure, ⇢(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 ⇠360, 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.

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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Reduced maximum mass-loss rate of OH/IR stars due to
overlooked binary interaction

Supplementary Information

1 The superwind scenario

The evidence of mass loss during the late stages of evolution has been known for a long time1, 2. In
1975, Reimers3 published his famous mass-loss law for red giants, Ṁ = 4⇥ 10�13⌘L/gR [M�/yr],
with 1/3 < ⌘ < 3 and the stellar luminosity L, stellar gravity g, and and stellar radius R in solar
units. This formula was a fit of mass-loss rate versus L/gR using an assortment of stars for which
mass-loss rate estimates were available in 1975. The prescription yields quite good mass-loss rates
for stars on the Red Giant Branch (RGB) for which mass loss can arise from chromospheric activity
or can also be pulsation-enhanced and dust-driven4. However, for the Asymptotic Giant Branch
phase, it yields mass-loss rates which increase too slowly over too long a period of time and the
maximum mass-loss rate achieved is only ⇠ 10�6 M�/yr5, 6. With typical AGB lifetimes of about 1
million years, the cumulative mass loss is too low to explain the distribution of white dwarf masses
and a Reimers-like wind cannot produce the characteristics of the planetary-nebulae population5.
To resolve these issues, Renzini pointed out in 1981 that a much stronger wind must develop quite
rapidly at the end of the AGB evolution with mass-loss rates above a few 10�5 M�/yr5. Renzini
suggested the provisional term ‘superwind’ for this phenomenon since the physical cause for it was
not known at that time.

We note that this historical terminology of the word ‘superwind’ is not always followed in the
literature. I.e. some authors use the word ‘superwind’ to indicate the phase when the rate associated
with the mass-loss phenomenon exceeds the nuclear burning rate, such that mass loss determines
the further evolution7, 8. For the latter definition, the transition to a superwind would happen around
10�7 M�/yr. In this paper, we follow the historical definition of the word ‘superwind’ proposed by
Renzini.

Following the suggestion of Renzini, speculations about the physical nature of the superwind
have been made by many authors among whom we recall Baud & Habing (1983)9, Bedijn (1988)10,
van der Veen (1989)11, and Bowen & Willson (1991)6. Growing evidence arising from dynamical
modelling support the idea that as the star evolves, its mass decreases and radius increases yielding
an increase in the atmospheric density scale-height. Since the density scale-height appears in the
argument of an exponential function describing the density, even a moderate increase in density



scale-height brings forth a very rapidly increase in mass-loss rate6. These dynamical models exhibit
the properties and behaviour expected for terminal AGB evolution with a superwind6.

Even so, 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.
The detection of a detached shell, with a density contrast of some 2 orders of magnitude, in some
lower mass (⇠1–3 solar masses) carbon-rich AGB stars is sometimes linked to a superwind burst
triggered by a thermal pulse12 occurring every ⇠10 000 to 100 000 years and lasting a few hundred
years13. However, it then remains unclear why no analogous shells are detected around the more
massive oxygen-rich counterparts. Dynamical atmosphere models14 support the idea of a more
gradual increase in mass-loss rate for stars with an initial mass above 1.3 M�. 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 predicted to be modest15 (see also
Sect 7).

2 OH/IR-stars - The case of OH 26.5+0.6 and OH 30.1�0.7

For oxygen-rich AGB stars experiencing a substantial mass loss, the OH maser phenomenon oc-
curs both in optically thick envelopes at the frequency of 1612 MHz (type II OH masers) and in
optically thin envelopes at frequencies of 1665 and 1667 MHz (type I OH masers)16. A subclass
of the type II OH/IR-stars is detected as infrared point source without optical counterpart9. These
extreme OH/IR-stars represent a class of intermediate-mass oxygen-rich stars at the tip of the AGB
evolution with the highest AGB mass-loss rates discovered. They currently experience an ex-
treme superwind phase (see Sect. 1 for terminology) with mass-loss rates between 10�5 and a few
10�4 M�/yr, i.e. often exceeding 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 a few.
Their initial masses range between 2 to 8 solar masses, they exhibit bright OH masers, are large
amplitude long-period (between 500–2000 days) variables, and have luminosities around 104 solar
luminosities9, 17. The characteristic absorption features at 10 and 18 micrometer by amorphous sil-
icate grains confirm that these objects are heavily obscured by dust and experience high mass-loss
rates18. A subclass of these extreme OH/IR-stars even exhibit crystalline silicate features18, 19.

OH 26.5+0.6 and OH 30.1�0.7 are two prototype targets of this class of extreme OH/IR-
stars. OH 26.5+0.6 was discovered in 197420 and is known to have the strongest observed OH
1612 MHz maser emission among galactic AGB stars21. It is located at a distance of 1370 parsec22

and has a terminal wind velocity of 15 km/s23. The estimated current superwind mass-loss rate of
OH 26.5+0.6 is around 3⇥10�4 M�/yr24. Modelling of the gas and dust emission suggests that



the onset of the present-day high mass-loss rate (superwind) phase was only ⇠130–200 years
ago and was preceded by a phase with mass-loss rate around 10�6 M�/yr19, 24, 25. The distance
to OH 30.1�0.7 has recently been determined to be ⇠3 900 parsec26. The current superwind phase
has a mass-loss rate of ⇠1.8⇥10�4 M�/yr24. The extent of the superwind envelope is estimated
around 2.5 � 3.7 ⇥ 1016 cm 19, 24, which for a wind velocity of 18.1 km/s24 translates to a duration
of ⇠440–650 years. The observed carbon and oxygen isotopic ratios indicate that the progenitor
mass of both OH/IR-stars is between 5 to 8 solar masses27.

More than a dozen other extreme OH/IR-stars (within a distance of ⇠4 000 parsec) have
been shown to display a similar behaviour with a sudden jump in mass-loss rate by one to two
orders of magnitude19, 23, 24, 28–30. This behaviour was first noted by Heske et al.28 who analysed a
sample of 13 OH/IR-stars. For this sample, the mean mass-loss rate derived from low-excitation
CO lines was 7.4⇥10�6 M�/yr, while the analysis of IRAS infrared data yielded a mean value
of 1.1⇥10�4 M�/yr. This discrepancy was historically interpreted as an indication that the mass-
loss rate is lower in the cool outer parts of the envelope (where CO is emitting) than in the warm
inner parts (where dust is emitting)28. The derived duration of the current high mass-loss rate
(‘superwind’) phase varies between ⇠200–1 000 years19, 23, 24, 30.

3 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, several
molecular lines have been observed with ALMA (proposals 2015.1.00054.S and 2016.2.00088.S
for OH 26.5+0.6, and proposal 2016.1.00005.S for OH 30.1�0.7). Of particular interest are the
low-excitation rotational transitions of 12CO, since CO is a well-known tracer of the density in
stellar winds31, 32. The interferometric capabilities of ALMA allow an excellent filtering of the
interstellar CO emission that otherwise complicates the study of CO in the extreme OH/IR-stars
residing in the galactic plane.

3.1 ALMA 12CO J=3-2 data of OH 26.5+0.6
OH 26.5+0.6 was observed with ALMA in three different configurations including a compact con-
figuration of the main array (12 m antennas), an extended configuration of the main array, and the
ALMA compact array (7 m antennas). The main array data sample the small scale structures (0.001
up to a few arcsec), while the compact array is sensitive to structures between ⇠4–1000. The differ-
ent datasets have been combined25. The spatial resolution of the data is 0.0022⇥ 0.0018 with a velocity
resolution of 1 km/s. The noise level of the channel map, �rms, is ⇠8 mJy/beam, the maximum
intensity value reached at systemic velocity (of ⇠28 km/s) is 0.52 Jy/beam.



The zero-moment map is shown in Supplementary Fig. 1. The full extent of the zero-moment
map is ⇠ 3.007 ⇥ 3.002, which for a distance of 1370 parsec translates into an envelope with radius
of ⇠3.8⇥1016 cm. Interpreting this outer CO edge as a lower limit for the CO photodissociation
radius, this extent indicates a value for the mass-loss rate in the outer wind >⇠ 1⇥ 10�7 M�/yr33, 34.
The CO photodissociation radius is better constrained from the 12CO J=1-0 BIMA map having a
deconvolved full width at half maximum (FWHM) of 8.005 ⇥ 5.00535 or an outer-wind mass-loss rate
around 8⇥ 10�7 M�/yr33, 34.

The channel map of the 12CO J = 3–2 emission is shown in Fig. ??. An animated video
slicing through the velocity frames of the channel map is provided in Supplementary Video 1.
Both the channel map and zero-moment map (Supplementary Fig. 1) show bright emission with
a deconvolved FWHM for the zero-moment map of 0.0041. Of particular interest for this study is
the emergence of an incomplete ring-like pattern for velocities between 16 – 38 km/s at distances
beyond ⇠ 1.005 as measured from the central pixel (Fig. ??). This ring-like pattern signals the
presence of a binary companion causing OH 26.5+0.6 to wobble around the center-of-mass of the
binary system (see Sect. 4). This reflex motion shapes the envelope surrounding OH 26.5+0.6 into
a shell-like spiral pattern.

3.2 ALMA 12CO J=2-1 data of OH 30.1�0.7
The 12CO J=1–0 and J=2–1 rotational transitions imaging the envelope surrounding OH 30.1�0.7
were obtained with ALMA The ALMA restoring beam for the 12CO J=1–0 was 1.0041⇥ 1.0004, while
a higher spatial resolution of 0.0041⇥ 0.0026 was achieved for the 12CO J=2–1 transition. The reduced
datasets are available at the ALMA archive. The noise level of the 12CO J=2–1 channel map,
�rms, is ⇠1.7 mJy/beam, the maximum intensity value reached at systemic velocity (of ⇠99 km/s)
is 0.29 Jy/beam.

The zero-moment maps of both transitions are displayed in Supplementary Fig. 2. The full ex-
tent of the 12CO J=1–0 map is significantly larger than for 12CO J=2–1, which is easily understood
in terms of the higher excitation temperature for the 12CO J=2–1 line. The CO photodissociation
radius can be constrained from the 12CO J=1–0 map and yields a value of ⇠ 3.007. At a distance
of 3 900 parsec, this translates to an envelope radius of 2 ⇥ 1017 cm which marks a mass-loss rate
in the outer wind of ⇠5⇥10�6 M�/yr33, 34. The centralized bright emission in the high-resolution
12CO J=2–1 data has a deconvolved FWHM of ⇠ 0.0060.

The spatial resolution of the 12CO J=1–0 data is too low to show any morphological structure
in the envelope surrounding OH 30.1�0.7, but various ring-like arcs are detected in the 12CO J = 2–
1 data (see Fig. ??, Supplementary Video 2). In analogy to OH 26.5+0.6, this morphology points



toward binary interaction (see Sect. 4).

4 OH 26.5+0.6 and OH 30.1�0.7 as binary systems

PV diagrams of the ALMA 12CO data: A particular potency of channel maps is gauged by
using position-velocity (PV) diagrams. A PV diagram is created by taking a slit with a specific
length and width at a specific position angle (PA) through the central pixel (representing the position
of the star). The PA is measured from North to East. The slit width is used for averaging the
intensity (from the channel map) along the slice. The resulting 2D plot hence yields the average
emission along the chosen axis versus velocity. The strength of this visualization technique is to
detect correlated density structures and guide their interpretation36. For a spherically symmetric
wind, no differences between PVs at different position angles (PAs) are expected36. In the case
of asymmetric (but correlated) density structure, the key is to define two orthogonal PVs so as
to maximally exploit the asymmetry of the data37. For the ALMA 12CO data of OH 26.5+0.6,
this is achieved by taking a PA of �5� and 85�, while for OH 30.1�0.7 the PA values of 75� and
165� are optimal (see Fig. ??). The resulting PV diagrams for both targets are characteristic of a
binary-induced shell-like spiral38, 39 (see below). An analogous morphology was described for the
carbon-rich AGB star CIT 640.

Binary-induced spiral structures: Observations at increasingly higher spatial resolution have
revealed the existence of asymmetries in the circumstellar envelopes of a fraction of nearby AGB
stars, including spirals, arcs, and disks36, 41–43. A binary companion star is often put forward as being
responsible for the wind shaping. Pioneering hydrodynamical models simulating the influence of a
companion on a wide orbit around an AGB star demonstrate that spiral patterns readily emerge44.
If the companion is relatively massive, a spiral-shell-shaped pattern is created by the orbital motion
of the AGB star around the centre of mass of the system38. The spiral windings are characterized
by circular arcs in the meridional plane 38, 44 (see Fig. ??). In addition, the companion’s gravity
focusses a fraction of the wind material toward the equatorial plane, and a (more flattened) spiral
structure attached to the companion might emerge caused by Bondi-Hoyle accretion38, 45, 46. The
former type of shell-like spirals are easily confused with periodical (spherically symmetric) in-
creases in density due to periods of enhanced mass loss and only PV diagrams at various PAs can
differentiate between the two causes. The differentiation between the shell-like versus flattened
spiral structure is easily done in the PV-plane39. For the case of OH 26.5+0.6 and OH 30.1�0.7,
the PV diagrams (Fig. ??) prove that the spiral structure detected has a shell-like pattern and hence
reflects the indirect influence of the binary companion via the reflex motion of the AGB star. In
addition, knots can be discerned in the channel map of OH 30.1�0.7 at a PA of �10� and 165� (see



white arrows in Fig. ??). Hydrodynamical simulations show that these knots arise in the region of
the gravitationally induced density wake with a flatter spiral shape overlapping with the spiral-shell
pattern due to the orbital motion of the AGB star38, 40. As in the case of CIT 640, the PV-diagram of
OH 30.1�0.7 is most symmetric along the line of nodes, hence a PA⇠165�.

Hitherto, most spiral structures are detected around carbon-rich AGB stars36, 40, 41, 47, 48. Only
recently, the first spiral structure was reported around a low mass-loss rate oxygen-rich AGB star43.
This paper reports the first detection of a binary-induced spiral structure around intermediate-
mass oxygen-rich AGB stars undergoing high mass loss. The observed fraction of main-sequence
intermediate-mass stars being part of a binary system is at least 30 – 45%. For extreme OH/IR stars
within initial mass between 5–8 M�, the binary fraction is of the order of 60–100% at all separa-
tions, with the fraction for 5 M� stars being closer to 60%49, 50. Hence, this detection of binary-
induced spiral patterns does not come as a surprise, but the capabilities of ALMA are needed to
detect the relics of binary interaction in the wind pattern.

For a binary system the terminal wind velocity is expected to be lower since the global Roche
potential to escape from is somewhat lower that the one produced by an isolated AGB (at fixed AGB
mass) thanks to the orbital rotation which brings some centrifugal support to the wind launching,
provided the AGB star is synchronized.

5 1D versus 2D analysis of dust spectral features:

The occurrence of a compact equatorial density enhancement (CEDE), or in general a higher den-
sity along the orbital plane and a lower density along the orbital axis (see Fig. ??), might undermine
the use of a 1D geometry when fitting the infrared SED. As discussed in the main text and in the
Supplementary Information an analogous morphology, but in a more evolved state, is seen in the
AGB descendants, the (pre-)planetary nebulae. As such, we can use examples from that commu-
nity to assess the error made when analysing the infrared SED of OH 26.5+0.6 and OH 30.1�0.7
(and with it other extreme OH/IR-stars in a binary system) using a spherically symmetric assump-
tion. The post-AGB OH/IR-star HD 161796 has been analysed using both a 1D approach51 and
a 2D parameterized description of a bipolar structure with an equatorial density enhancement52.
Both studies used the same gas-to-dust ratio of 270. As a cautionary remark, we wish to add here
that both studies have assumed the same constant velocity of 15 km/s to translate the derived den-
sity structure to a mass-loss rate. However, in the case of non-radial structures that assumption
might lead to erroneous conclusions on the absolute values of the mass-loss rate (and its potential
evolution through time) although a relative comparison between the derived density structures and
total mass lost is still meaningful. While Hoogzaad et al.51 have derived a gas mass-loss rate of



5.1⇥10�4 M�/yr which started 900 years ago and ended 430 years ago, Min et al.51 retrieved a
mass-loss rate of ⇠6.5⇥10�5 M�/yr during the same period with a sharp increase in mass-loss rate
in the next ⇠100 years. The accumulated mass derived in the 1D study51 was ⇠0.24 M� and only
⇠0.05 M� in the 2D study51, a factor of ⇠5 lower.

In other cases, such as the water-fountain OH/IR post-AGB source IRAS 16342-3814, the de-
rived dust mass from a 1D53 and 2D54 analysis is quite similar (in this case around 0.01 M�) but the
gas mass-loss rate differs largely and even reaches an exceptionally large value of 1⇥10�3 M�/yr in
the 1D fitting. This mass-loss rate is much higher than the value derived from the analysis of low-
excitation CO lines, being around 2.9⇥10�5 M�/yr55, confirming the conclusion drawn in previous
section.

6 Application to mass-loss rate prescriptions in stellar evolution models

Stellar evolution models use parametric relations between the mass-loss rate and some fundamental
stellar parameter(s) to calculate the change of the mass throughout stellar evolution. Various rela-
tions for AGB evolution exist, such as the ones proposed in refs. 15, 56–62. Mass-loss rate prescrip-
tions during the high mass-loss rate superwind phase (see Sect. 1 for terminology) differ by a factor
of ten depending on, e.g., whether they adopt the single-scattering radiation pressure limit15 or the
extreme OH/IR-stars56, 57 to establish the maximum AGB mass-loss rate. Some of these formula are
based on fitting models56, 58, while others fit observationally derived mass-loss rates15, 57, 59–62. These
latter relations inherently depend on the method of mass-loss rate retrieval for the sample. The
mass-loss rate for OH/IR-stars included in these analyses is always deduced from infrared colours
or a fit to the dusty spectral energy distribution, with the exception being De Beck et al.61 who used
low-rotational CO lines. Building upon the discussion in Methods, we conclude that the reported
mass-loss rates for extreme OH/IR-stars based on dust spectral features are too high by a factor of a
few up to ⇠100. This conclusion impacts some mass-loss rate prescriptions56, 57, 59, 62 used in stellar
evolution models. We exemplify this statement using Fig. 1 of Vassiliadis & Wood15: for pulsation
periods between 300–500 days the mass-loss rate scales with the period and for longer periods the
mass-loss rate reaches a constant maximal value. All stars in the constant mass-loss rate part of
the diagram of Vassiliadis & Wood15 are OH/IR-stars with deduced mass-loss rates well above the
single-scattering radiation pressure limit (represented by the dotted line in Fig. 1 of Vassiliadis &
Wood15). The dozen OH/IR-stars in their sample lie in the galactic plane or in the Large Magellanic
Cloud (LMC). Remarkably, all five galactic OH/IR-stars belong to the group of extreme OH/IR-
stars with crystalline silicate features (OH26.5+0.6, OH30.1-0.7, OH32.8-0.3, OH104.9+2.4, and
OH127.8-0.0; see results of de Vries et al.19). OH maser studies show similar structural properties
between these sources63. Building upon the results of OH 26.5+0.6 and OH 30.1�0.7, we argue



that the mass-loss rate of these galactic OH/IR-stars is actually lower, i.e. the values displayed in
Fig. 1 of Vassiliadis & Wood15 reflect the higher density in the orbital plane of a binary system in
the vicinity of the OH/IR-star and not the real value of the mass-loss rate. The higher density in the
orbital plane facilitates the crystallization of grains (see Methods). The real mass-loss rate is better
estimated from low-excitation CO rotational lines (see previous section). Exploiting this method,
the mass-loss rate is of the order of (0.1�3)⇥10�5 M�/yr for these extreme OH/IR-stars24, 28, 61, 64,
around or slightly below the single-scattering radiation pressure limit. The same scenario seems to
hold for the OH/IR-stars in the LMC. All OH/IR-stars in the LMC sample of Vassiliadis & Wood15

display the characteristic crystalline silicate features in their infrared spectra (see results of Jones
et al.65 and Van Loon et al.66). An in-depth study by Van Loon57, using the dusty spectral energy
distribution as a diagnostic tool, suggests that OH/IR-stars in the LMC might exceed the single-
scattering radiation pressure limit by up to a factor ⇠10. However, here as well do all OH/IR-stars
in their sample with mass-loss rate values significantly above the single-scattering radiation pres-
sure limit and for which infrared spectra have been obtained show the characteristic crystalline
silicate features (see results of Jones et al.65). As for the galactic counterparts, we suggest the real
mass-loss rates of these targets to be lower, potentially by a factor ten or more. This proposition is
supported by the fact that, unexpectedly, ALMA failed to detect the low-excitation rotational CO
gas emission in the two LMC OH/IR-stars with highest estimated mass-loss rates by van Loon et
al.: a fit of the dusty spectral energy distribution yielded estimated values around 2⇥10�4 M�/yr for
IRAS04545-7000 and IRAS05298-695757, while the non-detection of CO suggests mass-loss rates
lower than 4⇥ 10�6 M�/yr for these two stars67. Since both targets belong to the LMC, and hence
have a well-determined distance, the luminosity of these sources is well constrained, being 24 900
and 37 700 L�, respectively. These high luminosity values indicate that both targets have reached
the high-luminosity tip of the AGB13 while still experiencing a wind with mass-loss rate lower
than the single-scattering radiation pressure limit. Based on this, we conclude that the maximal
mass-loss rate of OH/IR-stars at the tip of the AGB evolution will be close to the single-scattering
radiation pressure limit.

7 Implication of binary scenario on reported characteristics of wind dynamics, chemistry,
and morphology

The idea of a binary-induced compact high-density region mimicking a short intense superwind
phase solves several issues related to wind dynamics, chemistry, and morphology. First, for extreme
OH/IR-stars a sudden jump in mass-loss rate (of 1 to 2 orders-of-magnitude) does not need to be
invoked which is consistent with observed OH/IR samples having a continuous distribution of
infrared colours68. Second, no imprints of thermal pulses or pulsations triggering strong episodic
superwind bursts have been detected in these OH/IR-stars69. Higher density shells with periodic



distances of a few hundred years can be explained in the context of a binary scenario. This casts
aside the suggestion of several short but strong superwind phases proposed for these stars19 and
lends support to the idea of a more gradual increase in mass-loss rate as the star evolves to the tip of
the AGB. Third, a binary scenario provides an evolutionary link to the morphological appearance
of the AGB descendants, the (pre-)planetary nebulae (PNe), which frequently display bipolar and
multi-polar structures70, 71. OH 26.5+0.6 and OH 30.1�0.7 could be the progenitors of a fraction of
such (pre-)PNe (see below). In particular, the lower density along the orbital axis might develop
into bipolar (or multi-polar) lobes, while the compact high-density region in the equatorial plane
might evolve into a torus (or ring-like) structure with a central gap due to the photodissociation
by the hot central PN star. This gap and torus will further collimate the outflow from the central
star. This suggests that the equatorial density enhancement precedes the shaping of the bipolar
nebulae and is not coeval, thus being the direct cause of the nebula shaping. Fourth, the equatorial
density enhancement allows favourable conditions for dust grains to grow explaining the detection
of micron-sized grains in some (pre-)PNe72, 73. If densities are high enough, second generation
exoplanets may even form, in analogy to the results for planet formation around young stellar
objects74.

8 Morphological appearance of (pre-)PNe and the potential evolutionary link to OH 26.5+0.6
and OH 30.1�0.7

Both the reflex motion of the primary AGB star and the gravitational focusing by the companion
result in higher densities along the equatorial plane and lower density towards the poles (see sketch
in Fig. ??). These density properties can be seen as the right conditions for bipolar (or multipolar)
and torus (or ring-like) structures to develop during the (pre-)PNe phase.

Indeed, about 25–50% of all OH/IR-stars do not show long-period pulsational variability.
These stars are thought to be in the early pre-PNe phase75, 76. Among several of them, bipolar out-
flows were found with, in part, spectacularly large outflow velocities (so-called ‘water fountains’)
71, 77, 78. Such outflows point to the presence of a binary system and OH 26.5+0.6 and OH 30.1�0.7
could be the progenitor of such pre-PNe. Within the next few thousand years the primary star will
have lost most of its stellar envelope and will have stopped its pulsation. The central binary system
may then trigger the launch of a bipolar outflow, while the star is evolving toward a PN.

In PNe, bipolar and multi-polar structures are frequently detected70. In 1995, it was already
suggested that bipolar PN nebula are produced by more massive progenitors than is the case for
other morphological PN types79. The case-study of OH 26.5+0.6 and OH 30.1�0.7 and a direct
comparison with one of the best studied young PN, NGC 6302, support this hypothesis and more-



over point toward the impact of binary action on the nebula shaping. OH 26.5+0.6, OH 30.1�0.7,
and NGC 6302 have similar initial masses of about 5.5 solar masses and the infrared spectra of
both targets display crystalline silicate features27, 80. NGC 6302 is a large butterfly-like young PN,
in which an expanding molecular torus (or ring) with mass of about 0.1 solar mass and a system of
high-velocity bipolar outflows were detected81. Detailed analysis shows the equatorial torus to be
ejected some 5 000 years ago during an event lasting for about 2 000 years81. As such, the mass-loss
rate linked to this event is of the order of 5⇥10�5 M�/yr, which corresponds to the single scatter-
ing radiation-pressure limit for a star similar to OH 26.5+0.6 and OH 30.1�0.7. OH 26.5+0.6 and
OH 30.1�0.7 are caught in action while creating a compact higher density region in the equatorial
plane thanks to the direct graviational focussing by the companion. Once the star enters the PN
phase, the hot central star will photodissociate its surroundings. Consequently, the morphology
of the compact equatorial region will change into a torus (or disk-like) structure with central gap.
Both the compact equatorial region during the AGB phase and the torus-like structure during the
PN phase provide the appropriate conditions for grains to crystallize and the high densities in these
regions facilitate the detections of these features in their infrared spectra82, 83.
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Supplementary Figure 1: Frequency-integrated zero-moment map of the 12CO J = 3–2 transi-
tion of OH 26.5+0.6. The spatial resolution is 0.0022⇥0.0018. The �rms-value in the zero-moment map
is 0.13 Jy/beam km/s. All values above 1⇥ �rms are shown. Emission is detected in a ⇠ 3.007⇥ 3.002

region. The deconvolved full width at half maximum (FWHM) is ⇠ 0.0041. The contrast is best
visible on screen.
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Supplementary Figure 2: Frequency-integrated zero-moment map of the 12CO J = 1–0 and
12CO J = 2–1 transitions of OH 30.1-0.7. The spatial resolution for the 12CO J = 1–0 data is
1.0041 ⇥ 1.0004 and for 12CO J = 2–1 data is 0.0041 ⇥ 0.0026. The �rms-value in the zero-moment map is
0.04 Jy/beam km/s and 0.09 Jy/beam km/s for the 12CO J = 1–0 and J=2–1 data, respectively. All
values above 1⇥ �rms are shown. Emission is detected in a ⇠ 7.004 region for the 12CO J = 1–0 data,
and ⇠ 600 for the 12CO J = 2–1 data. The deconvolved FWHM for the 12CO J = 2–1 data is ⇠ 0.0060.
The contrast is best visible on screen.



Supplementary Figure 3: 12CO J = 3–2 line emission in OH 26.5+0.6 plotted in polar coordi-
nates. Radial intensity profile as a function of the clockwise angle through the centre of the sys-
temic velocity channel of the 12CO J = 3–2 emission of OH 26.5+0.6. Flux units in Jy/beam plotted
on a logarithmic scale. The spiral arms are visible as the diagonally expanding green/blue filaments.
The bright white/pink region within ⇠ 0.006 is the high-density zone created by binary interaction
which leads to a density enhancement which mimics the so-called superwind phase. The dashed
red line indicates the point beyond which the spiral structure can easily be discerned in the ALMA
data.
In the upper panel, the straight dotted white lines are inserted to guide the eye to the trend for an
Archimedean spiral, expected for a binary system in a circular orbit with the orbital plane located
exactly on the plane of the sky (inclination i = 0�). Deviations of the observed pattern from the
straight dotted white lines (in the upper panel) are caused by the inclination of orbital plane w.r.t.
the plane of the sky (i ⇠ 60� – 75� for OH 26.5+0.6) leading to undulations40. This is illustrated by
the curved dotted white lines in the bottom panel. A potential deviation of the binary orbit from a
circle would lead to bifurcations84, an effect not discernible in the data.



Supplementary Figure 4: (a) Side-view of the volume covered by the ballistic trajectories (orange
shaded region) for a binary system similar to OH 26.5+0.6 or OH 30.1�0.7. (b) Amplification
factor as a function of ⌘, being the ratio of the terminal wind speed v1 to the orbital speed vorb, for
2 values of the � parameter.



Supplementary Video 1: Video of the 12CO J = 3–2 channel map of OH 26.5+0.6. Video slic-
ing through the velocity channel maps (between 8–46 km s�1) of the 12CO J = 3–2 emission in
OH 26.5+0.6. The ordinate and co-ordinate axis give the offset of the right ascension and declina-
tion, respectively, in units of arcseconds. North is up, East is left. The ALMA beam size is shown
as a white ellipse in the bottom left corner. The systemic velocity, vLSR, is at ⇠28 km s�1. The
front and last slice show the emission at v = 24 km s�1.

Supplementary Video 2: Video of the 12CO J = 2–1 channel map of OH 30.1-0.7. Video slic-
ing through the velocity channel maps (between 75–122.5 km s�1) of the 12CO J = 2–1 emission in
OH 30.1-0.7. The ordinate and co-ordinate axis give the offset of the right ascension and declina-
tion, respectively, in units of arcseconds. North is up, East is left. The ALMA beam size is shown
as a white ellipse in the bottom left corner. The systemic velocity, vLSR, is at ⇠101 km s�1. The
front and last slice show the emission at v = 100 km s�1.


