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2South African Astronomical Observatory, P.O. box 9, 7935 Observatory, South Africa
3Sternberg Astronomical Institute, Lomonosov Moscow StateUniversity, Universitetskij Pr. 13,
Moscow 119992, Russia
4Isaac Newton Institute of Chile, Moscow Branch, Universitetskij Pr. 13, Moscow 119992, Russia
5Space Research Institute, Russian Academy of Sciences, Profsoyuznaya 84/32, 117997 Moscow,
Russia
6Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast,
Belfast BT7 1NN, UK
7Department of Physics and Astronomy, East Tennessee State University, Box 70652, Johnson
City, TN, 37614, USA

Betelgeuse, a nearby red supergiant, is a runaway star with apowerful stellar wind that
drives a bow shock into its surroundings1–4. This picture has been challenged by the dis-
covery of a dense and almost static shell5 that is three times closer to the star than the bow
shock and has been decelerated by some external force. The two physically distinct struc-
tures cannot both be formed by the hydrodynamic interactionof the wind with the inter-
stellar medium. Here we report that a model in which Betelgeuse’s wind is photoionized by
radiation from external sources can explain the static shell without requiring a new under-
standing of the bow shock. Pressure from the photoionized wind generates a standing shock
in the neutral part of the wind 6 and forms an almost static, photoionization-confined shell.
Other red supergiants should have significantly more massive shells than Betelgeuse, because
the photoionization-confined shell traps up to 35 per cent ofall mass lost during the red su-
pergiant phase, confining this gas close to the star until it explodes. After the supernova
explosion, massive shells dramatically affect the supernova lightcurve, providing a natural
explanation for the many supernovae that have signatures ofcircumstellar interaction.

Red supergiants are massive stars near the end of their lives, and are direct progenitors of
core-collapse supernovae7, 8. They evolve from O- and B-type stars (hot, luminous sourcesof
ionizing photons), and so these stars are often found together, within or near star clusters9. As
a result, the cool stellar winds of red supergiants are oftenphotoionized by external radiation
fields10–13. To calculate the radiation hydrodynamics of a photoionized red supergiant wind, we
simplify the problem by assuming spherical symmetry. We usean approximate two-temperature
equation of state for the gas, for which both the neutral and photoionized gases are isothermal with
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temperaturesT = Tn andTi ≫ Tn, respectively. The ionized and neutral isothermal sound speeds
similarly satisfyai ≫ an. The photoionized part of the red supergiant wind is accelerated as a
result of ionization heating14, whereas the neutral part is decelerated6 if the wind speed through the
ionization front,vn, satisfiesvn ≤ 2ai.

The resulting flow is depicted in Fig. 1. The outermost layer is the interface where the wind
meets the interstellar medium. For static stars this is a spherical, detached shell, and for stars
moving supersonically it is a bow shock. A photoionization-confined shell – a dense, shocked
layer separating the neutral inner wind from the ionized outer wind – forms closer to the star. We
identify this with the recently-discovered shell in Betelgeuse’s circumstellar medium5.

The properties of the photoionization-confined shell are calculated analytically and verified
with simulations in Methods. Its outer boundary,RIF, is calculated following previous work10

(Extended Data Fig. 1), and the standing shock radius,Rshell, is obtained by requiring pressure
balance across the shell. The shell reaches its final position (determined by the wind density
and the incoming photon flux) on the expansion timescale of the wind, and then accumulates
mass until it reaches a steady state, where the gas added to the shell atRshell is balanced by that
photoevaporated fromRIF. The steady-state mass of the shell,Mshell, follows from its density and
volume (Extended Data Fig. 2). For realistic wind properties and radiation fluxes, the most likely
radii and masses areRIF ≈ (0.003 − 0.3) pc andMshell ≈ (0.03 − 10) M⊙ (M⊙, solar mass).
Photoionization-confined shells are presentin addition to bow shocks and detached shells, and
should be common because red supergiant winds are often photoionized10–13.

The steady-state shell mass for Betelgeuse isMshell = 1.0 M⊙, for the parameter values5

vn = 14 km s−1, RIF ≈ 0.15 pc, andṀ = 1.2 × 10−6 M⊙ yr−1 (stellar mass-loss rate). IḟM
is larger (for example3 × 10−6 M⊙ yr−1; ref. 3) thenMshell increases accordingly. In Fig. 2 we
compare our model predictions for Betelgeuse to a recent analysis5 in which 21 cm HI observa-
tions were interpreted in the context of a detached shell model. A photoionization-confined shell
matches the observations well for an external ionizing flux of Fγ ≈ 2 × 107 cm−2 s−1. Such a
flux is found near the edge of old HII regions or within interstellar bubbles where diffuse ionizing
photons constitute a large fraction of the total flux15 (Methods; Extended Data Fig. 4 and Supple-
mentary Video 1 show results from this simulation). The observed shell mass (0.09M⊙) constrains
its age to be0.3−0.5 Myr. Betelgeuse’s post-main-sequence lifetime is about 1 Myr, and so it will
probably explode before the photoionization-confined shell attains its steady-state mass.

Further quantitative comparison at simulation timet = 0.4 Myr is shown in Fig. 3. The HI

column density is plotted in a position-velocity diagram asa function of separation from Betelgeuse
and line-of-sight velocity of the gas. The blue- and red-shifted components of the freely expanding
wind are at radial velocityvr ≈ ±14 km s−1, and the shocked shell is centred onvr = 0 km s−1.
Our results again agree quantitatively with the data presented in ref.5 (fig. 11 therein), with the
caveat that our simulations did not self-consistently determine the shell temperature (nor, conse-
quently, the thermal broadening).

Although the neutral shell has been clearly seen observationally, a crucial prediction of our
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model is that the photoionization-confined shell should be surrounded by an accelerating ionized
wind, emitting bremsstrahlung at radio wavelengths (with an emission measure of∼ 10 − 20
cm−6 pc; emission measure is the integral of the square of the electron number density along a
line of sight) and Doppler-shifted nebular spectral lines.Such a nebula has been detected for
the red supergiant W 269, 12, but it will be orders of magnitude fainter around Betelgeuse because
the latter’s wind has much lower density. The only imaging detections of Betelgeuse’s gaseous
circumstellar medium so far are the 21 cm HI data and unexplained far-UV emission from the
bow shock5.

The agreement of Betelgeuse’s neutral shell with our photoionization-confined shell calcula-
tions is encouraging, but further work is required to investigate multidimensional effects such as the
non-radial flows that are introduced by clumpy and asymmetric winds16, the dynamical stability
of the shocked shell, and the anisotropic external radiation fields10 (Methods). Photoionization-
confined shells may also be present around lower-mass red giants and stars on the asymptotic giant
branch that have winds of comparable velocity, if they are located in a photoionized medium.

The main effect of a photoionization-confined shell is to confine much more gas (up to
80 times more (Methods)) close to a red supergiant than wouldbe expected from a freely ex-
panding wind. Simulations show that≈ 20 − 35% of the red supergiant wind is trapped in the
photoionization-confined shell (Extended Data Fig. 3). Theshell mass is ultimately limited by the
total mass shed by the star during the red supergiant phase ofevolution, which is typically less than
20M⊙ at solar metallicity, and so we expect the most massive shells to haveMshell ≈ (4− 7)M⊙.

This has important implications for supernova/circumstellar-medium interactions because
ejected material from about 10% of all core-collapse supernovae is observed to collide with dense
circumstellar matter in the immediate vicinity of the exploding star7. It is usually assumed that this
dense matter is produced by short periods of extraordinarily high mass-loss rate (. 0.1M⊙ yr−1)
just before the star explodes16–21. This gas is difficult to decelerate and confine close to the star
hydrodynamically22, requiring a prompt explosion after an eruptive mass-loss event. There is,
however, no proven evolutionary link between eruptions andexplosions (although ideas are being
investigated23, 24). The photoionization-confined shell scenario overcomes this timing problem be-
cause the windis decelerated effectively, allowing a fundamentally different interpretation of the
lightcurves of some interacting supernovae. For example, Betelgeuse’s mass-loss rate was pre-
viously deemed too small to produce an interacting supernova16, but this conclusion may need
revision following the detection of its photoionization-confined shell5.

Results from a calculation of a radiative supernova blastwave expanding through the circum-
stellar medium of two of our most extreme models are plotted in Fig. 4. The bolometric lightcurve
rebrightens when the blastwave reaches the photoionization-confined shell, and remains at nearly
constant luminosity until the shell is overrun by the shock.The initial circumstellar medium inter-
action is strong enough to leave detectable signatures in supernova observations, and the later shell
collision is even more luminous. Two core-collapse supernova lightcurves are shown for quali-
tative comparison: SN 2004et (ref.25) belongs to the most common (plateau) class, whereas SN
PTF10weh (ref.26) is an interacting supernova. The lightcurve of PTF10weh was interpreted as a
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bright pre-supernova eruption (0 − 500 d. in Fig. 4) followed by a luminous supernova at∼ 500
d. (ref.26). Fig. 4 shows an alternative interpretation that fits the data well: an explosion at 0 days
followed by a collision of the supernova shock with a photoionization-confined shell at∼ 500 d. In
this interpretation the supernova would produce broad spectral lines immediately after explosion.
Because pre-supernova eruptions eject lower velocity gas with narrower lines, this could be used
to distinguish the two scenarios.
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Figure 1 Circumstellar structures produced when a runaway r ed supergiant is
exposed to an external ionizing radiation field. [Left] A neutral stellar wind expands
freely from the star and is shocked and decelerated by a photoionization-confined shell.
A photoionized wind accelerates away from the shell’s outer surface until it reaches the
interface between the wind and the interstellar medium, which is a bow shock for Betel-
geuse. [Right] Detailed structure of a photoionization-confined shell from a spherically
symmetric radiation hydrodynamics simulation of Betelgeuse’s wind. Hydrogen number
density, nH, velocity, v, and temperature, T , are plotted as functions of radius.
.
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Figure 2 Time evolution of the photoionization-confined she ll around Betelgeuse
for spherically symmetric simulations with three differen t ionizing fluxes. (a) Mshell;
(b) mass in the freely-expanding wind, Mwind; (c) RIF; (d) Rshell. All calculated using wind
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shell around Betelgeuse. Observations are the output of a simulation using the models
described in Fig. 2 with Fγ = 2 × 107 cm−2 s−1 at t = 0.4 Myr, when Mshell = 0.093 M⊙.
[Above] Position-velocity diagram showing logarithmic contours of H I column density as a
function of projected distance from the star and radial velocity, in units of log10 (H I atoms
per cm2 per km s−1). The freely-expanding wind is seen red- and blueshifted by 14 km s−1

(thermally broadened), and the almost static shell is at zero velocity and is limb-brightened
at large radius. [Below] Total spectrum of the H I emission, assuming a distance of 200 pc
and that the source is unresolved and spherically symmetric (mass of H I per unit velocity
also shown).
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Methods

Analytic model for photoionization-confined shells Consider a steady-state, spherically sym-
metric wind around a star that loses mass at a rateṀ . The wind density and velocity areρ(r)
andv(r), respectively, as a function of distance from the star,r. The number density of H atoms
is nH = XHρ/mp, whereXH is the mass fraction of H (the solar value27 is XH = 0.715) and
mp is the proton mass. For simplicity we assume that He remains neutral in the red supergiant
wind and calculate only the ionization and recombination ofH (introducing an error of at most
10%). The electron and proton number densities are then equal, ne = np = nH(1 − y), where
y is the neutral fraction of H. The recombination rate of H isA = αBnenp in units of cm−3 s−1,
whereαB is the (temperature-dependent) case B recombination coefficient28, with numerical value
αB ≈ 2.7× 10−13 cm3 s−1 for a photoionized gas temperatureTi = 104 K.

The wind is externally photoionized by an isotropic radiation field with inward ionizing flux
Fγ . An ionization front forms at radiusRIF, separating the neutral inner wind from the photoion-
ized outer wind. We use an approximate two-phase equation ofstate in which both ionized and
neutral phases are isothermal with temperaturesTi andTn ≪ Ti, respectively (and associated
sound speedsai andan ≪ ai). UsingTi = 104 K implies ai = 11.1 km s−1, which is typical
for photoionized gas with Galactic chemical composition. The isothermal approximation implies
that the cooling time (and length) behind a shock is zero. Theinternal shell structure from our
simulations therefore does not capture the post-shock cooling region, but this does not strongly af-
fect our conclusions because they are based primarily on pressure balance at the shell boundaries.
A non-zero cooling length means that photoionization-confined shells may be thicker in reality
than in our models, but most of the mass will still be in the thin, dense, cooled layer, and so the
shell’s observable properties are probably very similar towhat we predict using the isothermal
approximation.

The wind terminal velocity throughRIF is vn. Assuming thatv(r) = vn at all radii, we
can integrate the number of recombinations in the wind fromr = ∞ inwards to obtainRIF as a
function of the wind properties (̇M andvn) and ionizing fluxFγ . This gives10

RIF =

(

αB

3Fγ

)1/3
(

XHṀ

4πvnmp

)2/3

= 0.018 pc

(

Ṁ

10−4 M⊙ yr−1

)2/3
(

Fγ

1013 cm−2 s−1

)−1/3
( vn
15 km s−1

)−2/3

. (1)

This equation assumes that photoionization has no hydrodynamic effect on the wind. If
vn > 2ai then the ionization front is R-type (rarefied), characterised by weak density and velocity
changes across the front, with no associated shocks6, 29. If vn ≤ 2ai then a D-type (dense) ionization
front occurs, consisting of a shock propagating into the neutral wind, a shocked neutral shell and
an ionization front6, 29, 30 (with a strong density jump between neutral and ionized gas)at larger
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radius. The shock velocity relaxes tovn once a steady state is reached. If the shocked gas can cool
efficiently then the shell can be very dense.

The ionized wind emerging from the D-type ionization front will accelerate to30−40 km s−1,
according to the solution for a thermally driven isothermalwind30, 31. In the absence of gravity (it
is irrelevant at the radii we are considering) the steady-state equation for the radial velocity profile
is slightly modified from the cited references, to

(

v(r)

ai

)2

− 2 ln

(

v(r)

ai

)

= 1 + 4 ln

(

r

r0

)

.

Herer0 is the radius at which the flow passes through the sonic point.Nearr = r0 the velocity
scales as

√

r/r0, and at large radiusv(r) ≈ 2ai
√

ln(r/r0). Ionization fronts with diverging ionized
gas flows, as is the case here, are D-critical6, 32, for which ionized gas is accelerated toai within
the ionization front itself. This means thatr0 is coincident with the ionization front radiusRIF. We
therefore set the velocity of the gas leaving the ionizationfront tovi = ai.

The photoionized wind evidently does not have constant velocity, so equation (1) provides
only an approximate estimate ofRIF. It should remain reasonably accurate because the veloc-
ity of the ionized flow remains within a factor of 2-3 ofvn for red supergiants, and the velocity
dependence ofRIF is not strong. Results of numerical tests in Extended Data Fig. 1 verify this.
RIF scales as expected witḣM andFγ, but is independent ofvn for vn ≤ 2ai. Replacingvn with
16 km s−1 provides a good fit to the numerical results in this case, and we make this substitution
for the numerical results throughout the paper.

The shell is bounded upstream by a standing shock in the neutral wind with isothermal shock
jump conditionsρshella2n = ρnv

2
n, whereρn is the wind density just upstream of the shock radius

Rshell, andρshell is the shell density. The flow through the shell is subsonic and isothermal, and
so the shell maintains a constant density. Its outer boundary is the ionization front, at radius
RIF. Conservation of mass and momentum in the steady-state flow,together with the shock jump
condition, gives the ratio

R2
IF

R2
shell

=
v2i + a2i
vivn

−
a2n
v2n

. (2)

For strong shocks (cold winds) the second term on the right hand side of equation (2) is small
compared with the first, and so we discard it for the rest of theanalysis. The shell mass,Mshell, is
then

Mshell =
Ṁ

3
RIF

(

v2i + a2i
via2n

)

(

1−

[

v2i + a2i
vivn

]−3/2
)

=
2Ṁ

3

ai
a2n

RIF

(

1−

[

vn
2ai

]3/2
)

, (3)

where the second line is obtained by settingvi = ai. Note thatMshell → 0 asvn → 2ai, because
for larger velocities a shell-forming D-type ionization front is not possible.Mshell is also sensitive
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to an, and colder shells can become much more massive. This is becauseRIF andRshell are
independent of the shell density, whereas the shell densityscales witha−2

n .

If we then assume thatRIF deviates little from the value predicted by equation (1), wefind
that

Mshell =

(

αBX
2
H

162π2m2
p

)1/3
ai
a2n

(

1−

[

vn
2ai

]3/2
)

Ṁ5/3F−1/3
γ v−2/3

n

= 9.2 M⊙

(

Ṁ

10−4 M⊙ yr−1

)5/3
(

Fγ

1013 cm−2 s−1

)−1/3

,

where we have used the following numerical values:vn = 15 km s−1, ai = 11.1 km s−1, an =
0.81 km s−1, αB = 2.7×10−13 cm3 s−1, andXH = 0.7154. If we ignore the scaling ofRIF with vn
(as argued above), then the factor ofv

−2/3
n should be replaced with(16 km s−1)−2/3. Results from

numerical simulations in Extended Data Fig. 2 show that thisequation provides a very good fit to
the steady-state shell mass. To summarise the approximations, we have assumed that

1. the flow has relaxed to steady state with spherical symmetry,

2. the wind speed is low enough to permit a D-type ionization front (vn ≤ 2ai),

3. the neutral wind is ram-pressure dominated,

4. the neutral and ionized gas phases are both isothermal,

5. the ionization front is treated as a discontinuity with anoutflow velocityvi ≈ ai, and

6. the ionization front is at the same radius it would be if theshell did not exist.

The shell mass can be much larger than the freely-expanding wind mass,Mwind = ṀRIF/vn,
that would otherwise occupy the circumstellar medium. We obtain

Mshell

Mwind

=
2

3

(

1−

[

vn
2ai

]3/2
)

vnai
a2n

.

This ratio is independent oḟM andRIF and, forvn = 14 km s−1 and the sound speeds given above,
it is ∼ 80.

The shell mass is ultimately limited by the mass shed during the red supergiant phase of
evolution, which is typically less than20 M⊙ at solar metallicity. In many cases, the final steady-
state shell mass is not reached, as seen from Extended Data Fig. 2 where extreme shells have
steady-state massesMshell > 100M⊙. The timescale for shell growth is

τshell ≡
Mshell

fṀ
=

1

f

2ai
3a2n

RIF

(

1−

[

vn
2ai

]3/2
)

, (4)
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wheref is the fraction of the wind mass retained in the shell. The time evolution ofMshell for
Betelgeuse (withf ≈ 0.2) and a more extreme model (withf ≈ 0.35) are plotted in Extended
Data Fig. 3. Their shell growth times areτshell = 4.2 and 0.21 Myr, respectively. The simulations
show thatf is approximately constant until the shell reaches1/3 to 1/2 of its steady-state mass.

Radiation-hydrodynamics simulations We use the radiation hydrodynamics codePION33, 34 for
our numerical simulations, with spherical symmetry and, consequently, one (radial) degree of free-
dom, and using a uniform, fixed grid in the radial coordinate.PION uses a finite-volume discreti-
sation of the equations of hydrodynamics, solved with an explicit time-integration scheme that is
accurate to second order in time and space. The non-equilibrium ionization and recombination
of hydrogen are coupled to the hydrodynamics using algorithm 3 in ref. 34. The simple two-
temperature isothermal equation of state means that gas temperature depends only on the neutral
fraction of hydrogen,y, according toT (y) = Tn + (Ti − Tn)(1 − y), so thatT (y = 1) = Tn (the
cold neutral gas temperature) andT (y = 0) = Ti (the hot ionized gas temperature).

The ionizing photon spectrum is taken to be that of a late O-type star, which emits relatively
few photons capable of ionizing helium35. We consider a black-body spectrum (with temperature
Tr = 3× 104 K) between the ionization potentials of H0 and He0 (13.6 and 24.4 eV, respectively),
we assume He remains neutral at all times, and that the radiation is isotropic and coming from
infinity. The only effect of the chosen spectrum when using the isothermal equation of state is to
set the thickness of the ionization front, which has no material effect on the shell properties.

The simulation domain is set so thatRIF/13 ≤ r ≤ 5RIF (with RIF from equation 1). This
ensures that the inner (inflow) and outer (outflow) boundaries do not affect the solution in any way.
Five thousand, one hundred and twenty grid zones were used for the final results, and this was
tested to ensure numerical convergence. The simulations were run for at least 5 growth timescales
(using equation 4 withf = 0.25), and were checked to ensure that a steady state had been reached.

A plot of gas density, temperature, velocity, and wind fraction (a tracer with value 1 in the
stellar wind and 0 in the interstellar medium (ISM)) is shownin Extended Data Fig. 4 after a red
supergiant wind has been expanding for 10,000 years (Supplementary Video 1 shows the time evo-
lution). From small to large radius, it shows the freely-expanding wind, the thin photoionization-
confined shell atr ≈ 0.08 pc bounded by the ionization front, the accelerated photoionized wind
region in0.09 pc . r . 0.17 pc, the wind termination shock atr ≈ 0.17 pc, the contact discon-
tinuity at r ≈ 0.2 pc, and a forward shock in the ISM atr ≈ 0.23 pc. The shocked shell at the
wind-ISM contact discontinuity cannot trap the ionizationfront and so remains fully photoionized,
even for the low ionizing flux ofFγ = 2 × 107 cm−2 s−1 used for this simulation. The flux must
be decreased by a further factor of ten before the wind-ISM interface can trap the ionization front
and prevent the formation of a photoionization-confined shell.

The circumstellar medium around BetelgeuseAs one of the two closest red supergiants to
Earth, we have a uniquely detailed view of Betelgeuse’s complex circumstellar medium: its arc-
shaped bow shock at a radiusr ≈ 0.35 pc from the star1, 3, 4, the mysterious bar-shaped structure
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lying in the star’s path just beyond the bow shock1, 2, 4, 36, and the newly discovered, almost static
neutral shell5 closer to the star atr ≈ 0.12 − 0.15pc. This shell cannot be explained as a stel-
lar eruption or wind variation because it is static (that is,some external force has decelerated the
wind), nor as hydrodynamic confinement by the ISM because this occurs at larger radius at the
bow shock.

Previous hydrodynamic simulations3, 4 have shown that the bow shock around Betelgeuse
should be quite massive, and also unstable. This is in apparent contradiction to theHerschel
observations that show rather smooth arcs. When a red supergiant wind is photoionized, the ionized
part of the wind accelerates to> 30 km s−1, and the bow shock becomes more stable than when
the wind is neutral14. A photoionized bow shock may therefore fit the observationsbetter than a
neutral one. The ISM magnetic field may also be able to suppress instabilities sufficiently to agree
with observations37. The multiple arcs may be a projection effect from undulations in the shock
surface; whatever the correct explanation, there is no indication that this arc-shaped structure is
anything other than a bow shock.

It was suggested that the bow shock may be associated with HI emission5. In our model, the
bow shock should be photoionized, unless its densest regionat the apex can self-shield sufficiently
to allow it to partially recombine. In this case the solid angle of the recombined region (seen from
the star) cannot be too large, or else it would reduce the ionizing flux reaching the photoionization-
confined shell. The best evidence for bow shock HI emission is fig. 9 in ref.5, which presents data
summed over a large radial velocity range (unlike the data for the photoionization-confined shell)
and could represent foreground or background ISM emission.TheGALFA H I data show no local
maximum of emission at the bow shock4 (albeit with low spatial resolution). Both studies4, 5 note
that confusion with foreground and background gas along theline of sight is a significant issue in
the data reduction, and so the evidence for this detection isweaker than for the emission associated
with the photoionization-confined shell.

Anisotropy of photoionization-confined shellsNML Cyg, W26, and Betelgeuse are the three
best-observed red supergiants with photoionized winds. They display a range of morphologies,
probably arising from the anisotropy of the ionizing radiation field. For example, NML Cyg is
illuminated only from one side and so the ionized part of its wind is bow shaped10. Betelgeuse’s
shell, by contrast, appears roughly spherical and so its irradiation must be more isotropic (the shell
may be somewhat elongated in one direction5). The Hα ring around W2612 suggests that it too is
irradiated from all sides, although the radio nebula has some asymmetry9. These examples point
to a range of possible photoionization-confined shell shapes and masses. The spherical case allows
the most massive shells to form, because it has no non-radialflows. For the asymmetric case,
non-radial flows in the shocked shell cannot be much faster than the wind speed or the ionized gas
sound speed, so it follows from advection timescales that even a completely one-sided shell should
approximately double the mass of circumstellar gas near thestar. These are the extreme cases, so
all photoionization-confined shells will increase the circumstellar mass by a factor of between∼ 2
and∼ 80 (see above).
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Source of the ionizing radiation An O star at a distance of 100 pc and with an ionizing photon
luminosity ofLγ = 2.4 × 1049 s−1 will provide a flux ofFγ = 2 × 107 cm−2 s−1, if there is no
absorption along the line of sight. In projection Betelgeuse is certainly closer toλ Ori than this.
This would, however, provide a directed radiation field and not an isotropic one. An isotropic
field can arise from the diffuse ionizing photons which pervade H II regions and superbubbles, and
which are particularly important near HII region borders15, 38.

The diffuse field is produced primarily by radiative recombinations directly to the ground
state of H, emitting a photon withhν > 13.6 eV. The emission rate is39 α1 = 1.58 × 10−13

cm3 s−1 for T = 104 K. In equilibrium, the radiation intensity approaches the source function40

S ≡ j/α, wherej = α1nenp/4π = α1n
2
H(1 − y)2/4π is the emissivity per unit volume and

solid angle, andα = nHyσ0 is the absorption per unit length, whereσ0 = 6.3 × 10−18 cm−2 is
the threshold ionization cross-section of hydrogen. For highly ionized gas,1 − y ≈ 1, soS ≈

2.0 × 103nH/y cm−2 s−1 sr−1. UsingnH = 1 cm−3 andy = 5 × 10−4, the flux crossing a surface
in one direction isFγ = πS = 1.3× 107 cm−2 s−1. This is comparable to the required flux, so our
model is indeed viable if Betelgeuse is located near the edgeof an H II region. Possible evidence
for this is the linear bar-like structure upstream from the bow shock1, which is interpreted as either
a relic of a previous mass-loss phase of Betelgeuse36 or as an interstellar density discontinuity4, and
so could be the shell at the edge of an HII region that Betelgeuse will soon encounter. Alternatively,
Betelgeuse may be within (or at the border of) the Orion-Eridanus Bubble41, a hot bubble of ionized
gas along the line-of-sight towards Orion. In this case the same arguments apply except that both
nH andy are lower than in a HII region.

Lightcurve calculation Bolometric lightcurves are obtained by a method based on ref. 21. We
assume that the region shocked by the supernova forward and reverse shocks forms a thin dense
shell because of the efficient radiative cooling42. This is confirmed to be a good approximation
by numerical radiation hydrodynamics simulations21. The circumstellar medium wind density
(proportional toṀ/vn) for the models presented in Fig. 4 in the main text is similarto that in
ref. 21, and so our assumption that the shock is radiative is valid. Two-dimensional hydrodynamic
simulations of supernovae interacting with circumstellarshells43 also showed that radiative cooling
is efficient and produced comparable lightcurves to the analytic method used here.

The evolution of the shocked, dense shell is simply governedby the conservation of mo-
mentum using these assumptions21, and so we solve this conservation equation numerically. The
density structure of the homologously expanding supernovaejecta is assumed to have two compo-
nents. The outer and inner supernova ejecta densities are assumed to be proportional tor−n and
r−δ, respectively. Following the result of a numerical simulation of a red supergiant explosion44,
we adoptn = 12 and δ = 0, although the lightcurves are not very sensitive to these choices.
We show models with the supernova ejecta mass of 15M⊙ and kinetic energies of1051 erg and
5 × 1051 erg in Fig. 4. The finite speed of light has not been taken into account, so the lightcurve
features are sharper than for a real observation. Also, the observations plotted on this figure have
no bolometric corrections, and so the comparison is only indicative.
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The Thomson scattering optical depth of the photoionization-confined shells in the models
are less than unity, so we neglect the effect of the shell opacity on the light curve. We assume
that 50% of the available kinetic energy is converted to radiation because of the efficient radiative
cooling in the shocked dense shell. The fraction is uncertain and could be smaller because of, for
example, multidimensional instabilities45. The reduction in the fraction results in the reduction of
the bolometric luminosity but the lightcurve shapes remainthe same.

Recent comparisons between observations and calculationsof interacting supernova lightcurves46

concluded that most progenitors had high mass-loss rates inthe decades before explosion. Our
work is not in conflict with this conclusion because the real constraint is not on the mass-loss rate
but on the circumstellar medium density as a function of radius from the progenitor star. The fur-
ther step of inferring a mass-loss rate for the progenitor assumes that the circumstellar medium
is expanding at a constant rate and that none of it is decelerated by any environmental effects
(radiative or hydrodynamic). All previous calculations that sought to constrain the mass-loss his-
tory of the progenitor have made a similar assumption20, 42. A consequence of the existence of
photoionization-confined shells is that this assumption does not always hold, and that environmen-
tal effects can decelerate and confine the wind much closer tothe star than previously thought22.
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Figure 5 Extended Data Figure 1 Dependence of the photoionization-confined shell ra-
dius on the properties of the stellar wind and external ionizing radiation. The panels plot
RIF as a function of mass-loss rate, Ṁ (a), external ionizing photon flux, Fγ (b), and wind
velocity, vn (c). Data points are from spherically symmetric radiation hydrodynamics simu-
lations and black lines are from equation (1). In (a) the fixed parameters are vn = 15 kms−1

and Fγ = 1010 cm−2 s−1; in (b) they are vn = 15 km s−1 and either Ṁ = 10−4 M⊙ yr−1 (blue
points) or Ṁ = 10−5 M⊙ yr−1 (red points); and in (c) they are Ṁ = 10−5 M⊙ yr−1 and
Fγ = 1010 cm−2 s−1.
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Figure 6 Extended Data Figure 2 Dependence of the photoionization-confined shell mass
on the properties of the stellar wind and external ionizing radiation. The panels plot Mshell

as a function of Ṁ (a), Fγ (b), and vn (c). Data points are steady-state masses from
spherically symmetric radiation hydrodynamics simulations and black lines are from equa-
tion (3). Again, in (a) the fixed parameters are vn = 15 km s−1 and Fγ = 1010 cm−2 s−1; in (b)
they are vn = 15 kms−1 and either Ṁ = 10−4M⊙ yr−1 (blue points) or Ṁ = 10−5M⊙ yr−1

(red points); and in (c) they are Ṁ = 10−5M⊙ yr−1 and Fγ = 1010 cm−2 s−1.

20



 0.001

 0.01

 0.1

 1

 0.01  0.1  1

S
h

e
ll 

M
a

s
s
 (

M
⊙

)

Time (Myr)

(a)

 0.1

 1

 10

 0.001  0.01  0.1  1

S
h

e
ll 

M
a

s
s
 (

M
⊙

)

Time (Myr)

(b)

Figure 7 Extended Data Figure 3 Growth of shell mass,Mshell, as a function of time for
two different photoionization-confined shell simulations. The shell accumulates mass lin-
early with time until it begins to saturate at about one 1/3−1/2 of its final mass. The solid
line shows M = 0.2Ṁt in panel (a) and M = 0.35Ṁt in panel (b). (a), Photoionization-
confined shell appropriate for Betelgeuse, with Ṁ = 1.2 × 10−6M⊙ yr−1, vn = 14 km s−1,
and Fγ = 2 × 107 cm−2 s−1. (b), More extreme model with Ṁ = 10−4M⊙ yr−1, vn =
15 km s−1, and Fγ = 1013 cm−2 s−1.
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Figure 8 Extended Data Figure 4 Structure of the circumstellar medium around Betel-
geuse from a spherically symmetric radiation hydrodynamics simulation. Hydrogen number
density, gas velocity, temperature, and wind fraction are plotted as a function of distance
from the star after 0.01 Myr of evolution. The wind fraction equals 1 in the wind and equals
0 in the ISM. The photoionization-confined shell is still very thin and has low mass at this
early time, and the fully-ionized ISM interface at r = 0.2 pc shows that the expanding wind
drives a forward shock and a reverse shock. Supplementary Information contains a video
showing an animation of the time evolution.
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