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Betelgeuse, a nearby red supergiant, is a runaway star with @owerful stellar wind that
drives a bow shock into its surroundings™. This picture has been challenged by the dis-
covery of a dense and almost static shé&lthat is three times closer to the star than the bow
shock and has been decelerated by some external force. Theawhysically 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 Betelgese’s wind is photoionized by
radiation from external sources can explain the static shélwithout requiring a new under-
standing of the bow shock. Pressure from the photoionized wid generates a standing shock
in the neutral part of the wind® and forms an almost static, photoionization-confined shell
Other red supergiants should have significantly more masse&/shells than Betelgeuse, because
the photoionization-confined shell traps up to 35 per cent o&ll mass lost during the red su-
pergiant phase, confining this gas close to the star until it>@lodes. After the supernova
explosion, massive shells dramatically affect the superna lightcurve, providing a natural
explanation for the many supernovae that have signatures afircumstellar interaction.

Red supergiants are massive stars near the end of theiy éimdsare direct progenitors of
core-collapse supernovae They evolve from O- and B-type stars (hot, luminous sounfes
ionizing photons), and so these stars are often found tegetfithin or near star clustés As
a result, the cool stellar winds of red supergiants are gftestoionized by external radiation
fields'®2% To calculate the radiation hydrodynamics of a photoicthizd supergiant wind, we
simplify the problem by assuming spherical symmetry. Wears@approximate two-temperature
equation of state for the gas, for which both the neutral dradgonized gases are isothermal with
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temperature§’ = T, and7; > T,, respectively. The ionized and neutral isothermal souee¢dp

similarly satisfya; > a,. The photoionized part of the red supergiant wind is aceéter as a

result of ionization heatin§, whereas the neutral part is deceleréiéthe wind speed through the
ionization front,v,, satisfies, < 2q;.

The resulting flow is depicted in Figl 1. The outermost lagethe interface where the wind
meets the interstellar medium. For static stars this is @&répdl, detached shell, and for stars
moving supersonically it is a bow shock. A photoionizatmmfined shell — a dense, shocked
layer separating the neutral inner wind from the ionizecoutind — forms closer to the star. We
identify this with the recently-discovered shell in Be®lge's circumstellar meditin

The properties of the photoionization-confined shell ateutated analytically and verified
with simulations in Methods. Its outer bounda#yy, is calculated following previous wctk
(Extended Data Fig. 1), and the standing shock radilys,;, is obtained by requiring pressure
balance across the shell. The shell reaches its final pogitietermined by the wind density
and the incoming photon flux) on the expansion timescale efvind, and then accumulates
mass until it reaches a steady state, where the gas addeel sbeh atR,,.; is balanced by that
photoevaporated frormR;. The steady-state mass of the shéll;,.;;, follows from its density and
volume (Extended Data Fig. 2). For realistic wind properaed radiation fluxes, the most likely
radii and masses ar ~ (0.003 — 0.3) pc andMy,.n ~ (0.03 — 10) M, (M, solar mass).
Photoionization-confined shells are presenaddition to bow shocks and detached shells, and
should be common because red supergiant winds are ofteaiphized“=13

The steady-state shell mass for Betelgeus&/js;; = 1.0 M, for the parameter valu2s
vy = 14 kms™, Rip ~ 0.15 pc, andM = 1.2 x 107% M, yr~! (stellar mass-loss rate). I/
is larger (for exampl& x 1076 M yr=1; ref.®) then M, increases accordingly. In Figl 2 we
compare our model predictions for Betelgeuse to a recerdysigain which 21 cm Hi observa-
tions were interpreted in the context of a detached shellahod photoionization-confined shell
matches the observations well for an external ionizing flif’p ~ 2 x 10" cm™?s~'. Such a
flux is found near the edge of old iHregions or within interstellar bubbles where diffuse iomigz
photons constitute a large fraction of the total #ugMethods; Extended Data Fig. 4 and Supple-
mentary Video 1 show results from this simulation). The obsé shell masd)X09 M) constrains
its age to bé).3 — 0.5 Myr. Betelgeuse’s post-main-sequence lifetime is aboutyt, &hd so it will
probably explode before the photoionization-confinedlsdtidins its steady-state mass.

Further quantitative comparison at simulation time 0.4 Myr is shown in Fig[8. The H
column density is plotted in a position-velocity diagranadsnction of separation from Betelgeuse
and line-of-sight velocity of the gas. The blue- and redtedicomponents of the freely expanding
wind are at radial velocity, ~ +14 kms~!, and the shocked shell is centredgn= 0 kms!.
Our results again agree quantitatively with the data prteseim ref.® (fig. 11 therein), with the
caveat that our simulations did not self-consistently whetiee the shell temperature (nor, conse-
quently, the thermal broadening).

Although the neutral shell has been clearly seen obsenadtyp a crucial prediction of our



model is that the photoionization-confined shell shouldureaginded by an accelerating ionized
wind, emitting bremsstrahlung at radio wavelengths (witheanission measure of 10 — 20
cm%pc; emission measure is the integral of the square of therefeaumber density along a
line of sight) and Doppler-shifted nebular spectral lin€uch a nebula has been detected for
the red supergiant W 262, but it will be orders of magnitude fainter around Betelgebscause
the latter's wind has much lower density. The only imagintedgons of Betelgeuse’s gaseous
circumstellar medium so far are the 21 cmildata and unexplained far-UV emission from the
bow shocR.

The agreement of Betelgeuse’s neutral shell with our pbataation-confined shell calcula-
tions is encouraging, but further work is required to inigege multidimensional effects such as the
non-radial flows that are introduced by clumpy and asymmetinds®, the dynamical stability
of the shocked shell, and the anisotropic external radidilds® (Methods). Photoionization-
confined shells may also be present around lower-mass rets@giad stars on the asymptotic giant
branch that have winds of comparable velocity, if they aoated in a photoionized medium.

The main effect of a photoionization-confined shell is to fow much more gas (up to
80 times more (Methods)) close to a red supergiant than woeldxpected 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). $hell mass is ultimately limited by the
total mass shed by the star during the red supergiant phaselotion, which is typically less than
20 M, at solar metallicity, and so we expect the most massivestehavel .y ~ (4 —7) M.

This has important implications for supernova/circuniatanedium interactions because
ejected material from about 10% of all core-collapse sup&ra is observed to collide with dense
circumstellar matter in the immediate vicinity of the exglilog staf. It is usually assumed that this
dense matter is produced by short periods of extraordjnaigh mass-loss rateJ 0.1 M yr—!)
just before the star explodés?’. This gas is difficult to decelerate and confine close to the st
hydrodynamicall§?, requiring a prompt explosion after an eruptive mass-lagnte There is,
however, no proven evolutionary link between eruptionsexplosions (although ideas are being
investigatedf?9. The photoionization-confined shell scenario overcorisstiming problem be-
cause the winds decelerated effectively, allowing a fundamentally diéfier interpretation of the
lightcurves of some interacting supernovae. For examp#telBeuse's mass-loss rate was pre-
viously deemed too small to produce an interacting supetfiolaut this conclusion may need
revision following the detection of its photoionizationsdined shef.

Results from a calculation of a radiative supernova blagtvexpanding through the circum-
stellar medium of two of our most extreme models are plotteeig.[4. The bolometric lightcurve
rebrightens when the blastwave reaches the photoionizatafined shell, and remains at nearly
constant luminosity until the shell is overrun by the shotke initial circumstellar medium inter-
action is strong enough to leave detectable signaturegpersava observations, and the later shell
collision is even more luminous. Two core-collapse supearghtcurves are shown for quali-
tative comparison: SN 2004et (r&P) belongs to the most common (plateau) class, whereas SN
PTF10weh (ref%) is an interacting supernova. The lightcurve of PTF10weh interpreted as a
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bright pre-supernova eruptiofi ¢ 500 d. in Fig.[4) followed by a luminous supernova~at500

d. (ref.?9). Fig.[4 shows an alternative interpretation that fits tha deell: an explosion at 0 days
followed by a collision of the supernova shock with a photization-confined shell at 500 d. In
this interpretation the supernova would produce broadtsgdmes immediately after explosion.
Because pre-supernova eruptions eject lower velocity gdwsnarrower lines, this could be used
to distinguish the two scenarios.

Bibliography

1. Noriega-Crespo, A., van Buren, D., Cao, Y. & Dgani, R. AdearSize Bow Shock around
BetelgeuseAstron.J. 114, 837—-840 (1997).

2. Ueta, T.et al. AKARI/FIS Mapping of the ISM-Wind Bow Shock around Orionis.
Pub.Astron.Soc.Japar60, S407-S413 (2008p808. 2693.

3. Mohamed, S., Mackey, J. & Langer, N. 3D simulations of Bgtese’s bow shock.
Astron.Astrophys 541, A1 (2012).1109. 1555.

4. Decin, L.etal. The enigmatic nature of the circumstellar envelope awd$hock surrounding
Betelgeuse as revealed by Herschel. I. Evidence of clumpkiphe arcs, and a linear bar-like
structure.Astron.Astrophys 548 A113 (2012)/1212. 48/0.

5. Le Bertre, T., Matthews, L. D., Gérard, E. & Libert, Y. Davery of a detached H | gas shell
surroundingy Orionis. Mon. Not. R. Astron.Soc.422, 3433-3443 (2012)1203. 0255.

6. Kahn, F. D. The acceleration of interstellar clouglsll. Astron.Inst.Netherland4.2, 187—-200
(1954).

7. Smartt, S. J. Progenitors of Core-Collapse Supernova®l. Rev. Astron. Astrophys47,
63—106 (2009)0908. 0700.

8. Langer, N. Presupernova Evolution of Massive Single anthal® Stars.
Ann. Rev.Astron.Astrophys50, 107-164 (2012)1206. 544 3.

9. Dougherty, S. M., Clark, J. S., Negueruela, I., Johnso&, Chapman, J. M. Radio emission
from the massive stars in the galactic super star clustetéMesd 1.Astron.Astrophys511,
A58 (2010).0912. 4165.

10. Morris, M. & Jura, M. The nature of NML Cygnuéstrophys.J.267, 179-183 (1983).

11. Yusef-Zadeh, F. & Morris, M. A windswept cometary tail e Galactic center supergiant
IRS 7. AstrophysJ. Letters371, L59-L62 (1991).

12. Wright, N. Jetal. The lonized Nebula surrounding the Red Supergiant W2Bdsterlund 1.
Mon. Not. R. Astron.S0c.437, L1-L5 (2014).1309. 4086.



0808.2693
1109.1555
1212.4870
1203.0255
0908.0700
1206.5443
0912.4165
1309.4086

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Gvaramadze, V. Vet al. IRC -10414: a bow-shock-producing red supergiant star.
Mon. Not. R. Astron.S0c.437, 843—-856 (2014)1310. 2245.

Meyer, D. M.-A.etal. On the stability of bow shocks generated by red supetgiidhne case
of IRC-10414.Mon. Not. R. Astron.Soc.439, L41-145 (2014)1312. 168/.

Ritzerveld, J. The diffuse nature of Stromgren sphedestron. Astrophys.439, L23-L26
(2005).ar Xi v: astro- ph/ 0506637.

Smith, N., Hinkle, K. H. & Ryde, N. Red Supergiants as Rtoé Type IIn Supernova Progen-
itors: Spatially Resolved 4.6m CO Emission Around VY CMa and Betelgeus&stron. J.
137, 35583573 (2009)0811. 303/.

Smith, N.etal. SN 2006gy: Discovery of the Most Luminous Supernova Eecorded,
Powered by the Death of an Extremely Massive Starjik&arinae.Astrophys.J. 666, 1116—
1128 (2007)ar Xi v: astro- ph/ 0612617.

Smith, Netal. Late-Time Observations of SN 2006gy: Still Going StroAgtrophys.J. 686,
485-491 (2008)0802. 1/43.

Yoon, S.-C. & Cantiello, M. Evolution of Massive StarstlwPulsation-driven Superwinds
During the Red Supergiant PhagestrophysJ. Letters717, L62—L65 (2010)1005. 4925\

Fox, O. Detal. Late-time Circumstellar Interaction in a Spitzer SeddcSample of Type IIn
SupernovaeAstron.J.146 2 (2013).1304. 0248.

Moriya, T. J.etal. An analytic bolometric light curve model of interactippwered super-
novae and its application to Type lin supernovigan. Not. R. Astron.Soc.435 1520-1535
(2013).1307. 2644.

van Marle, A. J., Langer, N., Achterberg, A. & Garcigg®a, G. Forming a constant
density medium close to long gamma-ray bursistron. Astrophys.460, 105-116 (2006).
ar Xi v: astro- ph/ 0605698.

Quataert, E. & Shiode, J. Wave-driven mass loss in theyés of stellar evolution: setting
the stage for the most luminous core-collapse supernoiam. Not. R. Astron. Soc.423
L92-196 (2012)/1202. 5036.

Moriya, T. J. Mass loss of massive stars near the Eddinlgiminosity by core neutrino
emission shortly before their explosioAstron. Astrophys 564, A83 (2014).1403. 2/31.

Kotak, R.etal. Dust and The Type II-Plateau Supernova 200Astrophys.J. 704, 306—-323
(2009).0904. 3737.

Ofek, E. Oetal. Precursors prior to Type lIn supernova explosions anengon: precursor
rates, properties, and correlatiodsstrophys.J. 789, 104 (2014)1401. 5468.


1310.2245
1312.1687
arXiv:astro-ph/0506637
0811.3037
arXiv:astro-ph/0612617
0802.1743
1005.4925
1304.0248
1307.2644
arXiv:astro-ph/0605698
1202.5036
1403.2731
0904.3737
1401.5468

Acknowledgements JM and SM are grateful to P. Kervella, T. Le Bertre and G. Rethe organisers of
the Betelgeuse Workshop in Paris (Nov. 2012), where thesittaathis work were first developed. JM ac-
knowledges funding from a fellowship from the Alexander ¥mboldt Foundation and from the Deutsche
Forschungsgemeinschaft priority program 1573, “Physidh® Interstellar Medium”. SM acknowledges
the receipt of research funding from the National Reseamméation (NRF) of South Africa. TJM is
supported by Japan Society for the Promotion of SciencedBastral Fellowships for Research Abroad
(26:51). HRN acknowledges funding from a NSF grant (AST-080766K acknowledges support from
STFC (ST/L000709/1). The authors acknowledge the John veumnidnn Institute for Computing for a
grant of computing time on the JUROPA supercomputer atliBupercomputing Centre.

Competing Interests The authors declare that they have no competing financetdsts.

Correspondence Correspondence and requests for materials should be addriesIM (email: jmackey@astro.uni-
bonn.de).

Author contributions  JM and SM had the original idea that Betelgeuse’s statid sbeld be confined
by external radiation. JM derived the analytic equationgtie shell, and ran and analysed the spherically
symmetric computations. VVG, DMAM, NL, and JM discussed tasults in the context of recently dis-
covered photoionized winds, which motivated many of thec#izechoices of parameters used. JM, SM,
VVG, DMAM, HRN, NL interpreted Betelgeuse’s shell in the ¢ext of our results. NL proposed that the
shells could be relevant for interacting supernovae, ardldped this idea with JM, RK and TJM. Figures
were prepared by JM, SM, TIJM, RK. All authors contributedhe writing of the manuscript.



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, ny, velocity, v, and temperature, T, are plotted as functions of radius.
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Figure 2  Time evolution of the photoionization-confined she [l around Betelgeuse
for spherically symmetric simulations with three differen tionizing fluxes. (a) Mgpen;

(b) mass in the freely-expanding wind, M;.q; (€) Rir; (d) Raen. All calculated using wind
parameters M = 1.2 x 107% M, yr~! and v, = 14 kms~!. The three blue curves are from
simulations with different external ionizing fluxes, F, (cm~2s~'). The black lines are plotted

using data in table 2 of ref. ® (Mpr cs, M., s and r; and a-d, respectively), calibrated
to match the 21 cm H | observations.
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Figure 3 Simulated observations of neutral hydrogen in the p hotoionization-confined

shell around Betelgeuse. Observations are the output of a simulation using the models
described in Fig. 2lwith F, = 2 x 107 ecm?s™! at ¢t = 0.4 Myr, when Mg, = 0.093 M.
[Above] Position-velocity diagram showing logarithmic contours of H | column density as a
function of projected distance from the star and radial velocity, in units of log,, (H I atoms
per cm? per kms™1). The freely-expanding wind is seen red- and blueshifted by 14 kms™!
(thermally broadened), and the almost static shell is at zero velocity and is limb-brightened
at large radius. [Below] Total spectrum of the H 1 emission, assuming a distance of 200 pc
and that the source is unresolved and spherically symmetric (mass of H | per unit velocity
also shown).
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Figure 4  Predicted luminosity evolution of supernovae inte racting with massive
photoionization-confined shells, compared with observati ons of two core-collapse
supernovae. The shells are from simulations with M = 10~* My yr', v, = 15 kms™,
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5 x 10°t erg (5 B), as indicated. Also plotted are R-band lightcurves of the interacting
supernova PTF10weh (ref. %) and the more typical supernova 2004et (ref. %),
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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 kdteThe wind density and velocity are(r)
andu(r), respectively, as a function of distance from the staiThe number density of H atoms
is ng = Xup/m,, where Xy is the mass fraction of H (the solar vatdés Xy = 0.715) and
m,, is the proton mass. For simplicity we assume that He remansral in the red supergiant
wind and calculate only the ionization and recombinationdHafintroducing an error of at most
10%). The electron and proton number densities are therl,equa= n, = ng(l — y), where

y is the neutral fraction of H. The recombination rate of Hdis= agn.n, in units ofcm?s71,
whereas is the (temperature-dependent) case B recombination cieefff, with numerical value
ap ~ 2.7 x 10713 em?®s~! for a photoionized gas temperatufe= 10* K.

The wind is externally photoionized by an isotropic radiatfield with inward ionizing flux
F,. Anionization front forms at radiug;r, separating the neutral inner wind from the photoion-
ized outer wind. We use an approximate two-phase equatistaté in which both ionized and
neutral phases are isothermal with temperatlieand 7, < 7;, respectively (and associated
sound speeds; anda, < a;). Using7; = 10* K implies a; = 11.1 kms~!, which is typical
for photoionized gas with Galactic chemical compositioheTsothermal approximation implies
that the cooling time (and length) behind a shock is zero. iftexnal shell structure from our
simulations therefore does not capture the post-shockngpdgion, but this does not strongly af-
fect our conclusions because they are based primarily @spre balance at the shell boundaries.
A non-zero cooling length means that photoionization-cwdishells may be thicker in reality
than in our models, but most of the mass will still be in thentldense, cooled layer, and so the
shell’s observable properties are probably very similawt@at we predict using the isothermal
approximation.

The wind terminal velocity througlkr is v,. Assuming that(r) = v, at all radii, we
can integrate the number of repombinations in the wind from oo inwards to obtainRr as a
function of the wind properties\( andwv,) and ionizing fluxz,. This gives®

LN 2/3
Reo — [ 28 v XuM
S 3F, dropmy,
. 2/3 13
M F v —2/3
= 0.018 _— — (*n) . 1
pe (10—4 Mg yr—1> (1013 cm—? s—l) 15 kms—! @)

This equation assumes that photoionization has no hydeodimeffect on the wind. If
v, > 2a; then the ionization front is R-type (rarefied), characetiby weak density and velocity
changes across the front, with no associated sf6€kE v, < 2q; then a D-type (dense) ionization
front occurs, consisting of a shock propagating into thena¢wind, a shocked neutral shell and
an ionization frorf2®% (with a strong density jump between neutral and ionized gasirger
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radius. The shock velocity relaxesdgonce 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 frorill accelerate t@0—40 km s+,
according to the solution for a thermally driven isothermad®**, In the absence of gravity (it
is irrelevant at the radii we are considering) the steadyestquation for the radial velocity profile
is slightly modified from the cited references, to

(“g?)izm(“g?) 4w (_) |

Herer, is the radius at which the flow passes through the sonic pblaarr = r, the velocity
scales ag/r/ry, and at large radius(r) ~ 2a;+/In(r /). lonization fronts with diverging ionized
gas flows, as is the case here, are D-cri¢iéglfor which ionized gas is accelerateddowithin
the ionization front itself. This means thatis coincident with the ionization front radiugyr. We
therefore set the velocity of the gas leaving the ionizationt to v; = a;.

The photoionized wind evidently does not have constantoitglocso equation[(1) provides
only an approximate estimate &fir. It should remain reasonably accurate because the veloc-
ity of the ionized flow remains within a factor of 2-3 of for red supergiants, and the velocity
dependence oRr is not strong. Results of numerical tests in Extended Daga Ferify this.

Rir scales as expected wiftf and £, but is independent af, for v, < 2a;. Replacingy, with
16 km s~! provides a good fit to the numerical results in this case, amdnake this substitution
for the numerical results throughout the paper.

The shell is bounded upstream by a standing shock in theaileuitrd with isothermal shock
jump conditionspgena? = pyv?2, wherep, is the wind density just upstream of the shock radius
Rgnen, @nd pgpen is the shell density. The flow through the shell is subsonttisnthermal, and
so the shell maintains a constant density. Its outer boyndathe ionization front, at radius
Rir. Conservation of mass and momentum in the steady-statetégether with the shock jump

condition, gives the ratio
R? vP+a?  d?
2IF = -5 (2)
Rshcll VjUn Un
For strong shocks (cold winds) the second term on the rightl fside of equatiori{2) is small
compared with the first, and so we discard it for the rest ofhaysis. The shell mass/y,., IS

then
M v? 4+ a? v +a2]
Mgpen = — Bip ( 5 ) 1 - [7
3 viay ViU

oM a; U 3/2
= " Rpll1-|2 3
Y ( ) ©
where the second line is obtained by setting= ;. Note thatM,.,; — 0 asv, — 2a;, because
for larger velocities a shell-forming D-type ionizatiomfit is not possible)M, is also sensitive
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to a,, and colder shells can become much more massive. This isde&: and Ry, are
independent of the shell density, whereas the shell dessitles witha_ 2.

If we then assume thdt;r deviates little from the value predicted by equatioh (1),find

1/3 3/2
_ apXf ai | Un 53 —1/3, —2/3
Mhen = (716271'2771120) 2 (1 [2%] ) M E oy

. 5/3
=92 M M / L o
SO 10 My yr ! 103 cm—2s~1 ’

where we have used the following numerical valugs:= 15 kms™!, ¢; = 11.1 kms™!, a, =
0.81kms™!, ag = 2.7x 10713 cm?s7!, and Xy = 0.7154. If we ignore the scaling oft;r with v,
(as argued above), then the factongf’® should be replaced witfi6 km s—1)~2/3. Results from
numerical simulations in Extended Data Fig. 2 show thatekjsation provides a very good fit to
the steady-state shell mass. To summarise the approximsati@ have assumed that

that

. the flow has relaxed to steady state with spherical synymetr
. the wind speed is low enough to permit a D-type ionizatrontf (v, < 2a;),
. the neutral wind is ram-pressure dominated,

1

2

3

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

5. the ionization front is treated as a discontinuity withoartflow velocityv; ~ a;, and
6

. the ionization front is at the same radius it would be ifshell did not exist.

The shell mass can be much larger than the freely-expandmymass M;.q = M Ryp [n,
that would otherwise occupy the circumstellar medium. Waiob

Mshell - 2 1 Un 32 Unaji
Mwind a 3 2(1,1 0,121 )
This ratio is independent dff and R;r and, forv, = 14 kms~! and the sound speeds given above,
itis ~ 80.

The shell mass is ultimately limited by the mass shed duttrgréd supergiant phase of
evolution, which is typically less tha20 M, at solar metallicity. In many cases, the final steady-
state shell mass is not reached, as seen from Extended pta tihere extreme shells have
steady-state massé4,,.; > 100 M. The timescale for shell growth is

Msholl 1 2ai Un 3/2
hell = —— = ———Rpp [1— |2 , 4
Tshell fM f3a121 i ( |i2ai:| ( )
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where f is the fraction of the wind mass retained in the shell. Theetewolution of M., for
Betelgeuse (withf ~ 0.2) and a more extreme model (with~ 0.35) are plotted in Extended
Data Fig. 3. Their shell growth times arg.; = 4.2 and 0.21 Myr, respectively. The simulations
show thatf is approximately constant until the shell reachg3to 1/2 of its steady-state mass.

Radiation-hydrodynamics simulations We use the radiation hydrodynamics caden3:3 for
our numerical simulations, with spherical symmetry andhssmuently, one (radial) degree of free-
dom, and using a uniform, fixed grid in the radial coordin&®®N uses a finite-volume discreti-
sation of the equations of hydrodynamics, solved with ariexpime-integration scheme that is
accurate to second order in time and space. The non-eduiidonization and recombination
of hydrogen are coupled to the hydrodynamics using algorighin ref.®4. The simple two-
temperature isothermal equation of state means that gametatare depends only on the neutral
fraction of hydrogeny, according tdl'(y) = T, + (T; — 1,,)(1 — y), so thatl'(y = 1) = T,, (the
cold neutral gas temperature) a@fity = 0) = 7} (the hot ionized gas temperature).

The ionizing photon spectrum is taken to be that of a late fi@-star, which emits relatively
few photons capable of ionizing helittfn We consider a black-body spectrum (with temperature
T. = 3 x 10* K) between the ionization potentials of ldnd Hé (13.6 and 24.4 eV, respectively),
we assume He remains neutral at all times, and that the i@digt isotropic and coming from
infinity. The only effect of the chosen spectrum when usirgifiothermal equation of state is to
set the thickness of the ionization front, which has no niateffect on the shell properties.

The simulation domain is set so th@tr /13 < r < 5Ryr (with R from equatiori ). This
ensures that the inner (inflow) and outer (outflow) boundat@enot affect the solution in any way.
Five thousand, one hundred and twenty grid zones were usetiddinal results, and this was
tested to ensure numerical convergence. The simulatioresme for at least 5 growth timescales
(using equatiohl4 withf = 0.25), and were checked to ensure that a steady state had bebadeac

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

The circumstellar medium around BetelgeuseAs one of the two closest red supergiants to
Earth, we have a uniquely detailed view of Betelgeuse’s dexgircumstellar medium: its arc-
shaped bow shock at a radiuse 0.35 pc from the sta¥=", the mysterious bar-shaped structure
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lying in the star’s path just beyond the bow sh8€k=% and the newly discovered, almost static
neutral shefl closer to the star at ~ 0.12 — 0.15pc. This shell cannot be explained as a stel-
lar eruption or wind variation because it is static (thasmne external force has decelerated the
wind), nor as hydrodynamic confinement by the ISM becausedbcurs at larger radius at the
bow shock.

Previous hydrodynamic simulaticishave shown that the bow shock around Betelgeuse
should be quite massive, and also unstable. This is in appaontradiction to theHerschel
observations that show rather smooth arcs. When a red sapengnd is photoionized, the ionized
part of the wind accelerates to 30 kms~!, and the bow shock becomes more stable than when
the wind is neutraf. A photoionized bow shock may therefore fit the observatloetser than a
neutral one. The ISM magnetic field may also be able to suppnetabilities sufficiently to agree
with observatior®. The multiple arcs may be a projection effect from undulagion the shock
surface; whatever the correct explanation, there is naatain that this arc-shaped structure is
anything other than a bow shock.

It was suggested that the bow shock may be associated withkissiod. In our model, the
bow shock should be photoionized, unless its densest regibie apex can self-shield sufficiently
to allow it to partially recombine. In this case the solid kngf the recombined region (seen from
the star) cannot be too large, or else it would reduce theilgflux reaching the photoionization-
confined shell. The best evidence for bow shockethission is fig. 9 in rei®, which presents data
summed over a large radial velocity range (unlike the datéhi® photoionization-confined shell)
and could represent foreground or background ISM emisgiba GALFA H | data show no local
maximum of emission at the bow shédlalbeit with low spatial resolution). Both studfesnote
that confusion with foreground and background gas alondjiieeof sight is a significant issue in
the data reduction, and so the evidence for this detectiraker 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 windsy Thsplay a range of morphologies,
probably arising from the anisotropy of the ionizing ramtiatfield. For example, NML Cyg is
iluminated only from one side and so the ionized part of ilsdhis bow shapeld. Betelgeuse’s
shell, by contrast, appears roughly spherical and so adiation must be more isotropic (the shell
may be somewhat elongated in one direcfjoiThe Hx ring around W2& suggests that it too is
irradiated from all sides, although the radio nebula hasesasymmetr§. These examples point
to a range of possible photoionization-confined shell shape masses. The spherical case allows
the most massive shells to form, because it has no non-rioled. For the asymmetric case,
non-radial flows in the shocked shell cannot be much faster the wind speed or the ionized gas
sound speed, so it follows from advection timescales thett eccompletely one-sided shell should
approximately double the mass of circumstellar gas neastdre These are the extreme cases, so
all photoionization-confined shells will increase the girtstellar mass by a factor of betweer
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 of L, = 2.4 x 10 s~ will provide a flux of £, = 2 x 10" em~2s7*, if there is no
absorption along the line of sight. In projection Betelgeisscertainly closer ta Ori than this.
This would, however, provide a directed radiation field ad an isotropic one. An isotropic
field can arise from the diffuse ionizing photons which peevalii regions and superbubbles, and
which are particularly important near iHregion borders-¢,

The diffuse field is produced primarily by radiative recomddions directly to the ground
state of H, emitting a photon withv > 13.6 eV. The emission rateS4%«a; = 1.58 x 10713
cm?s~! for T = 10* K. In equilibrium, the radiation intensity approaches therse functiof’

S = j/a, wherej = ajnen,/4n = an(1 — y)?/4x is the emissivity per unit volume and
solid angle, andv = nyyo, is the absorption per unit length, wherg = 6.3 x 107¥ cm~2 is
the threshold ionization cross-section of hydrogen. Fghlyiionized gas] —y ~ 1, s0S ~

2.0 x 103ng/y em~2s tsr~l. Usingny = 1em ™2 andy = 5 x 107, the flux crossing a surface
in one direction i, = 75 = 1.3 x 107 cm~?s~!. This is comparable to the required flux, so our
model is indeed viable if Betelgeuse is located near the efiga Hil region. Possible evidence
for this is the linear bar-like structure upstream from tbevtshock, which is interpreted as either
arelic of a previous mass-loss phase of Betelg€uses an interstellar density discontinditgnd

so could be the shell at the edge of an Kegion that Betelgeuse will soon encounter. Alternatively
Betelgeuse may be within (or at the border of) the Orion-&rigs Bubbl&, a hot bubble of ionized
gas along the line-of-sight towards Orion. In this case #mmesarguments apply except that both
ny andy are lower than in a Hi region.

Lightcurve calculation Bolometric lightcurves are obtained by a method based artefwe
assume that the region shocked by the supernova forwardeardse shocks forms a thin dense
shell because of the efficient radiative coofifigThis is confirmed to be a good approximation
by numerical radiation hydrodynamics simulati®hsThe circumstellar medium wind density
(proportional toM/vn) for the models presented in Fig. 4 in the main text is simitathat in
ref.?L, and so our assumption that the shock is radiative is valih-@imensional hydrodynamic
simulations of supernovae interacting with circumstedleell$® also showed that radiative cooling
is efficient and produced comparable lightcurves to theydéicahethod used here.

The evolution of the shocked, dense shell is simply govelmethe conservation of mo-
mentum using these assumpti®fsnd so we solve this conservation equation numericallg Th
density structure of the homologously expanding supere@@a is assumed to have two compo-
nents. The outer and inner supernova ejecta densities suienad to be proportional to ™ and
r~°, respectively. Following the result of a numerical simiglatof a red supergiant explositin
we adoptn = 12 andd = 0, although the lightcurves are not very sensitive to thesecels.
We show models with the supernova ejecta mass af/l5and kinetic energies afo! erg and
5 x 10°! erg in Fig. 4. The finite speed of light has not been taken intmant, so the lightcurve
features are sharper than for a real observation. Also,likergations plotted on this figure have
no bolometric corrections, and so the comparison is onlicati/e.
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The Thomson scattering optical depth of the photoionimationfined shells in the models
are less than unity, so we neglect the effect of the shelligpaa the light curve. We assume
that 50% of the available kinetic energy is converted toatoin because of the efficient radiative
cooling in the shocked dense shell. The fraction is unaeead could be smaller because of, for
example, multidimensional instabilits The reduction in the fraction results in the reduction of
the bolometric luminosity but the lightcurve shapes rentheésame.

Recent comparisons between observations and calculatiortsracting supernova lightcurvés
concluded that most progenitors had high mass-loss ratdseidecades before explosion. Our
work is not in conflict with this conclusion because the remaistraint is not on the mass-loss rate
but on the circumstellar medium density as a function ofusdiiom the progenitor star. The fur-
ther step of inferring a mass-loss rate for the progeniteues that the circumstellar medium
is expanding at a constant rate and that none of it is detetetay any environmental effects
(radiative or hydrodynamic). All previous calculationgtisought to constrain the mass-loss his-
tory of the progenitor have made a similar assumptiéh A consequence of the existence of
photoionization-confined shells is that this assumptiogsdwot always hold, and that environmen-
tal effects can decelerate and confine the wind much clogbetstar than previously thought
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Figure 5 Extended Data Figure 1 Dependence of the photoionizationeafined shell ra-
dius on the properties of the stellar wind and external ioniazng radiation. The panels plot
Rir as a function of mass-loss rate, M (a), external ionizing photon flux, F, (b), and wind
velocity, v, (c). Data points are from spherically symmetric radiation hydrodynamics simu-
lations and black lines are from equation (). In (a) the fixed parameters are vy = 15kms™!
and F, = 10'° cm~2s'; in (b) they are v, = 15 kms~' and either M = 10~* M, yr—" (blue
pomts) or M = 107° M® yr~! (red points); and in (c) they are M = 105 M, yr~' and
F,=10" ¢cm™2s7 !
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Figure 6 Extended Data Figure 2 Dependence of the photoionizationenfined shell mass
on the properties of the stellar wind and external ionizing radiation. The panels plot Mg,
as a function of M (a), F, (b), and v, (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 v, = 15kms™" and F, = 10" cm~2s™'; in (b)
they are v, = 15kms~! and either M = 10~* M, yr~' (blue points) or M = 107° M yr—*
(red points); and in (c) they are M = 107° M, yr—" and F, = 10" cm~2s~".
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Figure 7  Extended Data Figure 3 Growth of shell mass)/g,.;, 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 = 0.2M1t in panel (a) and M = 0.35Mt in panel (b). (a), Photoionization-
confined shell appropriate for Betelgeuse, with M/ = 1.2 x 107% M yr~!, v, = 14kms™!,
and F, = 2 x 107cm~2s~!. (b), More extreme model with M = 10~* My yr~ !, v, =
15kms™, and F, = 10" cm?s7 1.
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Figure 8 Extended Data Figure 4 Structure of the circumstellar mediun around Betel-
geuse from a spherically symmetric radiation hydrodynamis 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 » = 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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