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ABSTRACT

Context. Massive stars influence their environment via stellar winolsising radiation and supernova explosions. This isiBegh

by observed interstellar bubbles. Such “feedback” is aroigmt factor for galaxy evolution theory and galactic wnddels. The
efficiency of the energy injection into the interstellar medivia bubbles and superbubbles is uncertain, and is usualiyed as a
free parameter for galaxy scalffects. In particular, since many stars are born in groupsiittésesting to study the dependence of
the dfective energy injection on the concentration of the stars.

Aims. We aim to reproduce observations of superbubbles, theitioal to the energy injection of the parent stars and to stded
their dfective energy input into the interstellar medium (ISM), darection of the spatial configuration of the group of paraats
Methods. We study the evolution of isolated and merging interstdilaobles of three stars (25, 32 and BR) in a homogeneous
background medium with a density of i cm~2 via 3D-hydrodynamic simulations with standard ISM therymamics (optically
thin radiative cooling and photo-electric heating) andetidependent energy and mass input according to stellarteraduoy tracks.
We vary the position of the three stars relative to each dtheompare the energy response for cases of isolated, mgexgdhinitially
cospatial bubbles.

Results. Due to mainly the Vishniac instability, our simulated budbldevelop thick shells and filamentary internal structimes
column density. The shell widths reach tens of per cent obthter bubble radius, which compares favourably to obsemnat More
energy is retained in the ISM for more closely packed grobpsip to a factor of three and typically a factor of two for imediate
times after the first supernova. Once the superbubble idlesttad, diferent positions of the contained stars make only a minor
difference to the energy tracks. For our case of three massig tta energy deposition varies only very little for distes up to
about 30 pc between the stars. Energy injected by superieesirely dissipated in a superbubble on a timescale ofiabd/yr,
which increases slightly with the superbubble size at time tf the explosion.

Conclusions. The Vishniac instability may be responsible for the broawigof the shells of interstellar bubbles. Massive star wind
are significant energetically due to their — in the long runcrerdficient, steady energy injection and because they evacluaspéte
around the massive stars. For larger scale simulationgeduback &ect of close groups of stars or clusters may be subsumed into
one dfective energy input with insignificant loss of energy accyra

Key words. Galaxies: ISM — ISM: bubbles — ISM: structure — hydrodynamnidnstabilities

1. Introduction expanding shell of swept-up, shocked ambient gas. The shell
. . : o may be partially or completely ionised by the Ultravioletism
The properties of the interstellar medium (ISM), i.e. itsrptel- 'or>1/ of t?]e cer?/tral star.pThe )i/ncreased )éressure may additio
%w%p%?%bbles and superbubblr?l ﬁlliy push the leading shock front. Interstellar bubbles wse-

r U_2008; Sasakietial. 2011) as well gy 1ot energy conserving, because of the radiative los§es

molecular-cloud fragments in formation or in dispersal] &8 the shocked ambient medium ( W I 19775. This ha

level of turbulence, are stronglyffacted by the physics and been nicely demonstrated by the observatio eta
dynamics of stellar feedback Wer ): For some bubbles, they resolve the radiative lepdin
2004,2005; Dobbs et Hl. 2011 011). T fiock wave, with the highly excited [O Il1] tracing the hatte
actual agents of stellar feedback are massive stars, bdhein g io-nost gas, and Htracing a somewhat cooler surface in-
denser parts of the interstellar medium (for recent revisees side of [O III] This indicates that the leading shock front i

St :
McKee é .r('jk rILdO__QW ZInn g L& Y :( 2 |7) Thel;:erthese cases is shock ionised rather than photo-ionisedhtivad
ac_:;trl]o_r: via win sd_an |_on|smg”ra |?t|on dot asing (ta m;s; > S energy losses are substantlal but hard to quantify in ldetaj.

with its surroundings is usually referred to as “inter ub- roia r LQ_BS) antfect wind-blown and su-

ble” (Weaver et dl. 1977): Strong winds are shocked closBeo ..o\~ related bubbles alike.

star and produce a hot overpressured bubble, which drives an ) )
Many molecular clouds host massive stars in groups. The

* E-mail: Martin.Krause@universe-cluster.de bubbles of these stars have to interact, because the sizes
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Table 1. Simulation parameters

Label StarmastM, X/pc  Y/pc Z/pc Res/pc ng/em>  To/ K

S25 25 0 0 0 2.1 10 121
S32 32 0 0 0 2.1 10 121
S60 60 0 0 0 2.1 10 121
3S0 25 0 0 0 2.1 10 121
32 0 0 0
60 0 0 0
3S1 25 -30 10 10 2.1 10 121
32 -25 -10 0
60 0 0 0
3S2 25 -60 20 10 21 10 121
32 50 -10 0
60 0 0 0
3S1-mr 25 -30 10 10 1.0 10 121
32 -25 10 0
60 0 0 0
3S1-hr 25 -30 10 10 0.52 10 121
32 -25 10 0
60 0 0 0

of the individual bubbles (parsecs, elg. Weaver et al. |197fominated by the mechanical energy input: For example, for a
\Gruendl et al.. 2000) is comparable to the size of the pa85 (60)M, star, they expect only 17 (5) per cent of the energy
ent molecular clouds_(Kainulainen ef al. 2011). Also, inr staransfered to the ISM in their simulation being due to the ef-
forming regions, smaller groups of stars are often locatéect of ionisation. They give their energy depositidii@ency
within distances of tens of parsecs (e.g. Orion, Vosslet ak fractions of the radiative energy input. Scaled to thehaeie
2010). The interaction of individual bubbles leads to the focal energy input, they find that about 38 (9) per cent of thetinp
mation of superbubbles (Tenorio-Tagle & Bodenheimer 1988nergy has been added to their ISM at the end of their simula-
1. Chu 20 009 for reviewd)ons for the 35 (60Y, star. The dynamics of two wind bubbles
The expansion of the combined superbubble is often destri@5 My and 40My, stars) separated by 16.2 pc has been stud-
by the same model as for individual bubbles, which prediciksd bylvan Marle et al! (2012). The two bubbles quickly merge,
expansion rate and shell size, if the energy input and the asweeping the colliding parts of the wind shells away into the
bient density are known. Superbubbles may reach sizes hboibble of the lower mass star, due to the pressuferénce in
hundreds of parsecs (elg. Tenorio-Tagle & Bodenheimer;1988e bubbles. An aspherical superbubble is then formed,twhic
IBreitschwerdt & de Avillez 200€; ietal. 2011). Butytheisotropizes after a few Myr. More interesting details are ob
often appear to be too small and too bright in X-rays conserved which we refer to below, when we compare them with
ared to models (e.g. Oey & Garcia-Segura 2004; Jaskat etalr findings in Sectiofi]d. Ntormousi et al. (2011) have simu-
). Possible explanations include energy dissipatientd lated the merging of two superbubbles in 2D with identical-st
mass loading or uncertainties in the stellar wind data,ceig.to lar content. One of the most interesting findings in the sanul

clumping. tions of [Ntormousi et al.| (2011) and van Marle et al. (2012) is

Understanding of the physics of bubbles and superbub O;C'Fjr:gsri]:set:giI'Ethyeis\/isi?griz(lzytgg;)Srr]eesllscier(]js;r?tt)fi:i(a Shtiohs
is the key ingredient in order to gauge th@i@ency of stel- : . .
lar feedback. It is of particular importance to assess trece ©Of Freveretal.[(2003, 2006) due to the thickening of thelshel
tive energy input into the ISM. Our group has embarked on t cause of the increased pressure due to the ionisation. The

task, and has synthesised the total energy input into malecu”! Ishniac instability is interesting as it may create obaéte fila-
mentary features, and thick filamentary shells, and thusidis

clouds for realistic stellar populations based on recegitast
evolution modelsml&%og) Averaged over all mssiinate between models (van Marle & Keppéns 2012).
stars (EMg <M <120Mo), the energy input due to winds is of 1016 \ye address thefective energy injection into a homo-
order 18% erg'star. Supernovae contribute about ten times mor neous ISM for three interacting interstellar bubble$n@b
The energy injection is extended over several tens of Myr al drodynamics simulations, using standard ISM thermotyna
C\‘;’}ﬁ das %?)?L(lr?:tzr gg?;rgﬂi’;ewgzai zmﬂlzvgp%?ﬁgcgeagig’;g - We neglect thefeect of ionising radiation, because it is ex-
Substantial variations from cluster to cluster are expbchee ctzd o be less important in tglos) ?8?:%%%29
> : " al. (20 gra

to the sparser sampling at the massive end of the initial m%ﬁﬁtlon) We take as our starting element a group of threeatoe
function. massive stars, 25, 32 and 80,, respectively. We study the de-

Stars are born in the densest regions of the ISM. Much pbsition gficiency of energy injection as a function of distance
the injected energy is therefore quickly lost to radiatiowdol- between the stars. We find a higfii@ency in the wind phase,
ing shock compressed shells. Hydrodynamic simulationg hasomparable to the 2D results lof Frever et al. (2003, 2006) and
been used to assess tHeeetive energy input into the ISM. Thethe 2D and 3D results ierli al. (2012), detailsdf-b
energy deposition ficiency of isolated massive stars in theible merging similar to_van Marl al. (2012) and an enhance-
wind phase has been assessed in 2D hydrodynamic simulatiorent of the feedbackficiency by about a factor of two for
by|Frever et al.[(2003, 2006). Though they include thiea of grouping of the stars closer than about a few tens of pc. The
photo-ionisation, they show that the gas dynamidtgas are energy of supernovae that explode within superbubblessis di
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g
S 32l
g a sipated on a timescale of about 1 Myr. Additionally, we show
% 80r column density renderings of prominently Vishniac unstegid
= T shells, which should give a first approximation of the obaerv
281 tional appearance of the Vishniac instability.
26 {
1 1 1 1 1

100 200 400 800 1600 3200 6400 2. Simulations

Fesolution [ radial cels We carry out 3D hydrodynamic simulations with the

, , , ) ) Nirvana 3.5 codel(Ziegler 2008, 2011), evolving the conserva-
Fig.1. Test simulation of an isolated supernova in a homggn equations for mass, momentum and energgvANa 3.5 is a
geneous environment accordinglto Tenorio-Taglelet al. @L99¢onservative, finite volume code and combines block stradtu

This test was run in 1D and spherical coordinates at radi@-re agaptive mesh refinement (AMR) with parallelisation by the
lutions between 100 and 6400 cells with respective incrés®n message passing interface (MPI) library.

a factor of two and with the standard cooling and heating: Top
density slices at dierent times (increasing from left to right). _
Middle: evolution of thermal (thin lines) and kinetic (tkiines) 2.1. Numerics and code tests

energy for the 100 (orange triple dot-dashed lines), 800d(so :
black lines), 6400 (red dashed lines) radial cells simaitati ;gglyri?%m Stﬁgler {?)Odu;%irzﬁma;eHLl‘R?eriﬂxﬁr (ngg)’ of

Additionally a simulation with 3200 radial cells and enhadc > . . . . .
o X Miyoshi & Kusano (2005) dimension-by-dimension in 3D,
cooling is shown (blue dot-dashed lines, see text for dgtdihe and a second-order Central-Upwind scheme (CU full

left part of the plot zooms into the first 2000 yr of the evabuti ge — : : '
Bottom: Maximum compression at about 20,000 yr as afuncti(()jr(?taIIS in[Zieglér 2011). We work in Cartesian coordinates

of resolution. The expected maximum compression at thie tim
is four for a strong adiabatic shock. 3
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throughout (apart from the radiative test case in this eati ing rates are uncertain by a factor of about tlvo (Wiersmalet al
In order to check the isotropy of the solution in this geompet2009). Many, more recent, cooling curves tend to have lower
and also for dierences between these solvers, we have re-remoling rates thalmlﬁg 6), including thedsiach
and analysed the adiabatic blastwave test problem that £omae for the NIRVANA-code | 5), which we use.
with the code with both solvers. Here, a fixed amount of thérmiam order to verify that this is the reason for théfdrences in the
energy is initially deposited in a finite circular region & @ells energy tracks between Tenario-Tagle etlal. (1990) and suitre
diameter. In both cases, a reasonably spherically synunetsie tested a case where we increased the cooling rates ad hoc by
bubble develops, with a forward shock, a contact surface aadactor of two (Figur&ll, middle, blue dot-dashed lines)isTh
a backward shock. The contact surface evolves identically fobviously shifts the result into the right direction. Therieased
both solvers, forward and backward shock are lead by thenount of thermal energy probably also leads to the slightly
solution of the CUCT solver by at most one cell. Hence, bottither advanced outer shock (compare above) at late times.
methods yield a very similar result for symmetrical bubble Thus, we reproduce the fundamental properties of the 1D test
expansion. For the same solver buffelient angular directions ofEe_nQLLolagJ_e_el_dlL(J.Q_QO) The 3D nature of our simolasi
other than the grid axes, the radii of thefdient features of demands some compromise regarding resolution. We exgct th
interest difer by typically one and up to about three grid cells. this gfect should &ect energy tracks by a at most a few per cent.
As a radiative (see below for details about radiative caplinVe account for this in the discussion below.
and heating) test simulation, we have re-run the 1D-suprno  We have initially selected the HLLITT solver but encoun-
test ofEen_o_LLoiagJ_e_e_t_hll_(l%O Figufk 1), also in sptadri tered severe vacuum formation problems (very low pressure)
coordinates, but otherwise with the same numerical settasy near contact surfaces for our high resolution runs. Forhaill t
for the 3D production runs below. Here,%LGrg are deposited simulations presented in this article, we have thereforgleyed
within a radius of 18 cm. Density and temperature are initiallyCU-CT.
assumed to be 1 ¢t and 100 K, respectively, throughout the ~We use standard ISM thermodynamics with radiative cool-
computational domain. We use the GLX solver with a uniform ing and photo-electric heating (see Piontek et al. (2008})ié
mesh with a cell size betweenB5< 10-3 pc (6400 cells in total) tails), employing the standard iterative procedure mfAa 3.5.
and 0.36 pc (100 cells in total) for this test. The densitgesi Cooling is always strong for our wind shells, which tend to ge
in Figure[d (top) show the expected shape for such an explosithin and eventually also Rayleigh-Taylor and Vishniactahke.
In their 1D test runl_Tenorio-Tagle etlal. (1990) find the outdhe instabilities evolve dlierently for diferent flux limiters:
shock at 11 pc (24 pc) at 5,300 yr (47,806 yr). Our simulatioFest simulations with all flux limiters provided (minmod psir-
(10.4 pc at 5483 yr; 25.2 pc at 47,990 yr) reproduces thisiwithbee, monotonised-centred, and Van Leer) showed that for the
expectations. At 47,990 yr, our outer shock is about 5 % &rrthmonotonised-centred and the superbee limiters, the it
out then their solution at 47,806 yr. This is likely relatedcthe are systematically flierent for parts of the shell which move par-
differences in the employed cooling functions (more details balel and diagonal to the grid axis. Van Leer and minmod both
low). The contact surface at 47,806 yr should be at 8 pc, whigield almost isotropic results at our highest resolutidrihe ex-
agrees well with our result. During the energy conservinaseh pense of being morefilisive, as expected. We have correspond-
i.e. up to say 30,000 yr, we expect 28 % of the energy in kineiitgly adopted the minmod flux limiter. ivana 3.5 dfers an ad-
form and 72 % in thermal form, which is consistent with ouditional multi-dimensional limiter which we also use, anbewve
energy tracks (Figuild 1, middle, to be compared with Figare e have adjusted the parameter experimentally to yieldvagti
in Tenorio-Tagle et al L(19;90)) Cooling should become signi isotropy for shell instabilities.
cant around 33,000 yr, which is also in good agreement. After
the onset of cooling, the thermal energy should declinengtyo 2 Setu
this and the shape of the energy tracks are quite similargo t‘% ' P
findings oilen_QLIQlagle_el_h 90). We also find a secondaThe computational domain is a cubic Cartesian grid, 400 p& on
shock wave in the shocked ambient gas due to the non-unifoside resolved by 24 cells for the base level. The mesh is kkfine
cooling of the shell, and a corresponding increase in thektrawhenever a combined threshold of first and second derivétive
of the kinetic energy, as lnle_n_o_u_o_'[agl_e_elt hL_(;IJ990) taeo density or respectively velocity is exceeded. Additionaile al-
weak shock from reflection at the origin is visible in the skext  ways keep the wind injection region at the highest refinement
ambient gas in Figurl 1, top). The analytically expected-conevel. Efectively, the wind shell and everything inside is always
pression ratio at the leading shock front is four. Becausdh@f refined to the highest level. For most of our runs we use three
strong decline of the solution inwards, one can however rot devels of adaptive mesh refinement, which would correspomad t
pect to obtain exactly four in a numerical representatiomnffe  uniform grid of 192 cells with a resolution of 2.1 pc. Simulation
solution should converge towards four with increasing lteso 3S1-mr and 3S1-hr use four and five levels of refinement, tresul
tion. Our highest resolution run reaches a compressionea®® ingin 1 and 0.5 pc resolution, respectively. Boundary ctonls
in the adiabatic phase, and we show in Figdre 1 (bottom) titt tare formally periodic, but we only use data from snapshotsreh
value converges well with increasing resolution. the shells are entirely contained in the computational doma
The reduced density peak height decreases the cooling ratesWe fill the grid initially with a homogeneous medium. Then
slightly: The low resolution runs lag behind in thermal egyer we choose one (three) injection regions of eight pc radievin
decrease by at most about 3000 yr at 60,000—90,000 yr. The ery case. Each injection region gets assigned a star of @-part
ergy track is entirely converged from about 400 cells. Tlisst  ular mass. We inject mass and thermal energy according to the
ing point of thermal and kinetic energy is around 80,000 ynin stellar evolutionary tracks of rotating stars of Meynet & édalr
simulation compared to about 46,000 yhnlenmmlagl&bt eﬂ200$) and wind velocities from_Lamers et al. (1995) and
(1990). This significant dierence is due to the employed cool zZielski korzynskil(2002) for the Wolf-Rayet phass, a
ing curvel Tenorio-Tagle et al. (1990) use the cooling cuie compiled in\Voss et al[ (2009). We use 25, 32, anMgGtars,
IRaymond et dl.[ (1976), which features particularly stroaglc with supernovae at 8.6, 7.0 and 4.6 Myr, respectively. Time ti
ing around 18- 10" K due to highly ionised Fe. The cool-resolution of the stellar evolution table is 0.1 Myr. Cuniivia
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Fig. 3. Column density integrated ov&rdirection andY-direction (left and middle columns, respectively) and phéhe density
(right column) for three dferent snapshot times from top to bottom for run 3S1-hr. Tlogeptions of the three massive stars into
the X-Y plane is indicated as small red stars in the densiyspbn the right. The 60/, star blows the biggest bubble from the
origin. The 32M,, bubble towards its lower left{Y-plots) is only slightly bigger than the one of the Rf, star above. The shell
forms spikes and dense clumps due to the combined actiorsbh¥dc and thermal instability. A movie is provided with tirdine

version.

mass and energy input are shown in Fidure 2. The mass den8ityResults

is initially set to 10m, cm=3 everywhere in the computational ) ) . ) .
domain. The temperature is set in equilibrium between ng"The time evolution of our high resolution run 3S1-hr withear

and heating, 121 K. All velocities are initially zero. Moretdils ~ stars at dierent locations is shown in Figuilds 3 aid 4. Ata given
for each individual run are provided in Talfle 1. time, the bubble size increases monotonically with the nofss

the parent star, with the central 8@, bubble dominating the
gas dynamics. As expected, the shocked ambient medium cools
very quickly and consequently gets compressed into a thah sh
for each bubble. The shell is subject to a combination ofnttaér
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Fig. 4. Figure3 continued, but with all scales adapted to the srpginesented in this figure.

and Vishniac[(1983) instabilitiBsThe bubbles start to merge atcontact surface lead to mixing of the cloud gas into the hasph
around 2 Myr. At the first snapshot in Figure 3 (1.95 Myr), th&he shell interface has completely dispersed until the siexp-
shell interface between the 80, bubble and the 3®1; bubble shot at 4.05 Myr. We have checked thigeet of diferent flux
has just burst. Up to this point, each bubble has had itsiighdiv limiters in this phase: Less filusive ones allow smaller holes,
ual bubble pressure, which is largest for theMg bubble. Its which delays the erosion process compared to the mdie- di
hot gas can be seen to stream through the hole in the shell. Bive case. The final results are however very similar.

shell interface then behaves much like a cloud, being adblage , , ,
awind [Pittard et al. 2005): Kelvin-Helmholtz instabiéi at the The density slice at 4.05 Myr shows the weaker winds of
the smaller stars to be pushed aside by the one of the most mas-
1 Although we have carefully chosen the flux limiter, the siveta- Sive star. The larger part of the 8@, bubble remains urfgected
bility evolves still somewhat anisotropically. This is sian to the 2D PY the action of the smaller stars. The BQ, star explodes at
results of Ntormousi et al_(2011) with the RAMSES code, wheven 4.6 Myr. The sudden energy injection due to the supernova com
presses the shell further (Figlide 5) and acceleratesggering

a five times higher spatial resolution could not get the shethbilities
completely isotropic. the Rayleigh-Taylor instability (RTI). The RTI may causefil
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Evolution of maximum density 3§1-hr: shell details at t = 15.29 Myr
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Fig.5. Maximum density as a function of time for runs 3S1
hr (solid), 3S1-mr (dashed) and 3S1 (dotted). The horizonia
lines correspond to the critical compression above whieh tRig. 7. Shell details for the final snapshot of run 3S1-hr. Shown
Vishniac instability is triggered for supernova (lowerdjnand is an X-Y zoom of density, pressure, temperature and Mach
wind (thicker upper line) shells according [to_Vishniac & Ryunumber, as indicated on the individual panels, around the po
(1989). The axis on the right shows the overdensity facter owsition of the maximum density, which is located &, Y,Z) =

the undisturbed ambient medium.
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(-30,-79,-52) pc. Velocity vectors are overlaid on the density
plot. The high density region is overpressured and has agdemp
ature below 20 K. See text for more details.

usually far from the star: One can clearly see the declinemd
sity away from the star due to adiabatic expansion (1D-slice
Figure[®). The wind turns supersonic immediately outside th
driver and shocks roughly 20 pc away from the star. A second
structure is visible at varying distance from the star, upliout

50 pc: This is what we would expect to be the forward shock in
the standard picture. Due to the high ambient pressureoitlis

a sound wave. The pressure inside of this structure is glight
reduced due to the ongoing expansion. The final supernova at
8.6 Myr causes again mass entrainment into the bubble due to
the RTI. The bubble then keeps expanding with decreasieg int

rior density fluctuations until the end of the simulation ai\yr.
The highest densities in the shell, around 180 times the-ambi

Fig. 6. One-dimensional slices in X-direction through run 3S1-Hint density, are reached for roughly 1 Myr after each superno
attimeT =8.53 Myr. TheY andZ coordinates are chosen approWhere for the later two supernovae, the compression peaies ha
priately for the slices to include the position of the onlynin- Merged (FigurEl5). At late times the density increases dgam

ing star at that time (2M,, , atX = —30 pc, indicated by the star below for details). We show a zoom on the highest density re-
in the middle diagram). Top: positive X-velocity (blue, das  9ion in the final snapshot in Figufé 7. The density maximum is
line), negative x-velocity (red dash-dotted line) and sbspeed located in the dense shell, where two humps of the Vishniac in

(solid black). Middle: pressure (logarithmic) . Bottom:ngity ~Stability (compare Sectidn 3.1 below) cross, and more tdw/ar
(logarithmic). See text for detalils. the interior of the bubble. The velocity field in the shell {8l s

dominantly outwards with substantial Mach numbers. Yaibpr

ably enhanced by the large scale vortices which dominate the
mentary structure inside the shell. Also, the outwardsctié@ shell interior at that time, there is also some non-radiat mo
flow field, centred around the most massive star before its a@ion. The slightly converging velocity field has to be resgibie
plosion, is no longer present. Thus, from this time on, we firfdr the high density, as the region is substantially ovesgueed
filamentary gas inside the shell, seen in the individual dignscompared to the environment. At earlier times (compare @hov
slices. The #ect of the winds of the smaller stars in this phassuch maximain density and pressure could have been in peessu
can hardly be noticed. The second supernova (7.0 Myr) leastguilibrium with their surroundings. At this late time, thebble
to a further acceleration and compression of the shell,iegusinterior is already underpressured with respect to therenvi
more RTI filaments. The snapshot at 8.53 Myr shows the superent, and so we expect that the maximum is temporary, unless
bubble when 2 stars have exploded already, and the thirdts insuch clumps become self-gravitating. This seems quitdylike
Wolf-Rayet phase. This snapshot demonstrates nicely timat given the pc-scale size, low temperature (below 20 K) ant hig
ansatz with thermal energy injection may also cope withasitumass (few hundred/; ) of the clump (Jeans length: 2 pc).
tions when the backward shock within the stellar ejecta is uMet, self-gravity is not included in the simulations andrtfere

Time / Myr
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351 i time: 12.69 Myr 3581-hr: mass-weightad density vs. non-radial Mach number histograms

log (density / g cm®)

10" M, / Mach .

o & @

Y ipe

leg(salar masses / bin)

T El 0.0o
E j -1.00

1 2 3 4 0 1 2 3 4 5
Non-radial Mach number Non-radial Mach number

log (column density / ¢ cm’)
[~

Fig.9. Analysis of the non-radial Mach number, i.e. the Mach
number perpendicular to the direction of the shell's exjmams
-100  -50 0 50 100 Only the region with positiveX-coordinate, which corresponds
X/pc to the undisturbed part of the 8@, bubble, is taken into ac-
count. Left: 4.05 Myr, right: 7.47 Myr. The upper parts show
351-hr, time: 12.56 Myr the non-radial Mach number versus the logarithm of the den-
sity. Colour encodes the mass per bin, where each bin spans
0.05 in Mach number and 0.06 dex in logarithmic density. No
appreciable non-radial motions are found for the hot bubble
terior, whereas the dense shell material shows Mach numbers
of order unity. The lower parts show mass weighted non-tadia
Mach number histograms (vertically collapsed versionshef t
plots above). The plots are dominated by the quiescent arnbie
medium. The mass with given non-radial Mach number declines
strongly around a Mach number of unity towards higher Mach
numbers as expected for shells dominated by the Vishniga-ins
bility.

log (column density / g ¢m™}

Y ipe

slices. The 3D structure of the shell is granular with a regfil-
amentary pattern (Figuié 3 ahtl 4). The regularity is of c®urs
X/ pe related to the grid structure, because this is the most impor
tant perturbation. In column density, we find a web formed of
polygons. These polygons have typically four to six siddse T
Fig.8. Column density at a comparable late evolution time fafides are however not always aligned with the coordinateaxi
runs 3S1 (top) and 3S1-hr (bottom). The high resolution Biblthe diagonals, and some are clearly curved. The typicaigooly
is more spherical, larger, achieves higher peak columnitiens diameter is about 10 pc. At the intersections of the filaments
and the Vishniac instability is more pronounced. density and column density achieve their highest valuess&h
points lag behind the shell. Particularly high densitieg/rha
achieved, when left and right part of an inwards spike merge.
details, such as triggered star formation, are beyond thigesof This seems to have happened for the density maximum at the
this article. final snapshot we show in Figuré 7. But from a detailed inspec-
tion of several snapshots, we conclude that this shoulddrapp
frequently. The three-dimensional structure of our suplelle
shells is very similar to the one of the smaller scale circatatlar
The shells are subject to various instabilities. The Raylei shells of van Marle & Keppehs (2012).
Taylor instability is especially prominent during the stgoac- We show the peak density over time in Figlile 5. Clearly,
celeration phases after each supernova. The Vishniadilista the densest parts of the shell of run 3S1-hr satisfy therité
develops when the shell decelerates. It is an overstability [Vishniac & Ryui (19809) from before 2 Myr throughout the simu-
ferences in column density for adjacent regions of a shelbea lation, in agreement with Figuké 3. The low resolution siatiain
gas flow from the high column density region into the regioBS1 generally stays below the wind criteriori of Vishniac &Ry
with smaller column density. This continues in generalluhg  (1989). Correspondingly, the Vishniac instability is muess
situation is reversed and the region with initially smak&i- pronounced (Figuild 8). Mac Low & Norman (1993) have shown
umn density finally has the greater one. Vishniac & [Ryu (1988)at the instability is connected to transonic motions mghell
derive a critical overdensity for the shell over the unsteatk perpendicular to the expansion direction. We evaluatesthega-
ambient gas of a factor 10 and 25 for a blastwave with iniadial velocities for the undisturbed (with respect to theiac-
tial energy injection and constant energy injection ratspec- tion of the bubbles of the other two stars, here weXise0) part
tively, to become unstable, such that the peak density ase® of the shell in Figur€ld. The 2D mass weighted histogram over
in each cycle. The shell then develops a characteristiyg@ik logarithmic density and non-radial Mach number, with respe
tern (Ntormousi et al. 2011; Drake 2012, Figlte 3), in dgnsito the local speed of sound, shows that only dense shell gas ac

3.1. Vishniac instability
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3S1-hr: input and retained energy 381, 3S1-mr & 3S1-hr: energy tracks
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Fig. 10. Top part: input (solid) and retained (dotted) energy fdfig. 11. Resolution &ects on the retained energy. Top part: re-
run 3S1-hr. The respons® (retained energy divided by inputtained energy for run 3S1-hr (solid line, high resoluti@g; mr
energy) is shown in the bottom part. See text for more details (dashed line, intermediate resolution) and run 3S1 (dditeq
low resolution). The bottom part shows the energy ratio 3S1-
i _ _ ) ... h/3S1-mr(solid line), 3S1-ni8S1 (dashed line) and 3S1/861
quires substantial non-radial Mach numbers. At high d&ssit (455n-dotted line). In each case, the data for the highelutsn
indeed most of the gas has Mach numbers around and beRy has been interpolated to the data output times of therlowe
unity. resolution run. The spikes at the supernova times are atsefé
the interpolation process at the discontinuities of thecfioms.
3.2. Energy evolution: general observations The horizontal dashed line indicates equality for comparis
The energy increases similarly for each doubling of resmut

We show the total input energy over time together with the effhe general functional behaviour is independent of re&miut
ergy retained in the ISM where the initial thermal energyis-s See text for more details.

tracted in Figur€1l0. The retained energy is generally béhav

input energy because the gas is initially in radiative eguim

and sufers net radiative losses during the course of the simulgmylation times. Finer spatial resolution always leadmtme
tion. We define the respongeto be the energy retained in theenergy in the ISM. For an increase of the resolution by a facto
ISM divided by the input energy: of two, we find an increase of the retained energy by 20-30 per

Eism(t) — Eismo cent. This agrees with the greater bubble diameter at higiser
Rt) = ———— (1) olution (FigurdB). The overall functional behaviour is yerell
Ein(t) converged.

where we define as ISM the whole gas present in the computa- The reason for the changes with resolution is very likely
tional domain, including the hot bubble interiors with thetiel- the details of the shell evolution. In the absence of other pe
lar ejecta. turbations, instabilities are triggered on the resolutievel.

R is generally of order ten per cent. It is higher whenever tidditionally, the Vishniac instability is only marginaligevel-
energy input rate increases. This is especially well vis#ilthe oped at low resolution. This might lead to more non-radial ki
time of the three supernovae at 4.6, 7.0 and 8.6 Myr. HRre,netic energy at higher resolution, which is not immediately
reaches peak values between 20 to 40 per ¢eis.smaller for diated away. Also, the peak density at a given time depends
phases of decreasing energy input rate. This is partigukeell ~ strongly on resolution (Figulld 5), which also changes tlee-th
visible after a supernova. About 1 Myr after each supernBva,modynamics.
drops to roughly five per cent. The characteristic decay tifne
the retained energy increases for each consecutive sugern
When the energy input ceases, the ISM energy is lost to fediat
on a timescale of Myr, wittR dropping to 2 per cent roughly We have carried out a set of simulations, where we varied the
4 Myr after the last supernova. positions and distances of the same three stars (Flgure 12).

Steady, continuous energy injection is clearly mafeetive Because of computational limitations, these simulatioageh
in energising the ISM than sudden bursts such as from inéefjubeen carried out at 2.1 pc resolution. This is physicallyijus

3.4. Energy evolution: varying stellar distances

supernovae. fied by the convergence of the general shape of the enerdgstrac
(Figure[11). For obtaining the large distance limiting case
3.3 Resolution effects have simulated each of the three bubbles in a separate simula

tion (S25, S32 and S60), and added their energy tracks for com
We have repeated run 3S1-hr at a half and a quarter of fh&rison to the other cases. We model the closely-spaceshextr
original spatial resolution. Morphologically, the bubbkre less case, where the bubbles have merged instantaneously, iygput
spherical, smaller and the Vishniac instability is lessedeped the driver regions of the three stars on top of each othereat th
at lower resolution (Figurel8). We compare the energy evolgrid origin (3S0). Additionally, we performed two simulaiis
tion of the three runs in Figufel1. The retained enerdiedi with intermediate star positions (compare Tdble 1), wheee w
by much less than a factor of two between simulations at ddictually observe the bubble merging during the simulat{884
ferent resolution. The éferences are more pronounced at latend 3S2).
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We see small dierences in the energy tracks during the first
~ 0.5 Myr. They are expected because during this time, the driver Energy tracks: stellar distance variation
region is evacuated and the bubble shape is establishedk&an 15p T S35 +seese0
of course a dference, if the three stars share the same driver re- ok 381
gion (3S0), or if each star has its own. Also shifting the ériv i ]
region on the grid makes the volume of the individual driveer r 05 | ,\
gions slightly diferent, by a few per cent, due to resolution ef- g ,_/‘ \ I\ .
fects at the driver boundary. This translates to a few pet cen 00 fome 7“3;/(825‘;5;%860)
difference in total energy, which is visible in Figliré 12 (botfom 3 - - - 3S1/(S25+S32+S60) |
Once the bubbles are established properly on the grid, i.e. T 35H(S20+8a2 860
after about 0.5 Myr, all configurations have essentiallyshme
energy response until the first supernova at 4.6 Myr. Theoreas :
for this is the predominance of the energy injection of thévg0 [l asmaanagt Wl E SOttt
star. The energy tracks begin tdfer slightly after the first star V Mm
has exploded. The divergence increases abruptly afteraach
pernova. But for very long times after the final explosiorg th
tracks converge again towards a common value.
Among the four configurations, the energy varies at times by “
up to a factor of three. A typical value after the second supea 0 5 10 15 20
is a factor of two. Throughout the simulation time, the egerg Time / Myr
is essentially highest for run 3S0 (all stars at same placé) a
lowest for very large distance (sum of S25, S32 and S60). The
two configurations with intermediate distances, where the-b Fig. 12. Energy tracks for dierent simulations, where only the
bles merge during the respective simulations, show intdiabe positions of the three starsftir. Run labels in the legends are
energies. The run where the bubbles merge early (3S1) behaplained in Tabléll. S285532+S60 refers to the sum of the

almost identical to the case where the driver regions ar@pn €nergy tracks of the three simulations of the bubbles of the
of each other (3S0). isolated 25M,, , 32 My and 60M, stars, respectively, which

corresponds to a very large distance. 3S0 is the opposite cas
) where three stars are in the same region. Top: Absolute alue
3.5. Shell widths Middle: Three-stars simulations relative to the sum of tivee
isolated bubbles. Interpolations always use the 3S0 tinse.ba
Interpolation artefacts are visible at the discontinsitikie to
té]e supernovae (4.6, 7.0 and 8.6 Myr). Bottomff&ience of the
ery similar energy tracks of runs 3S1 and 3S0, normalised to
3S0 as a percentage. The solid red line marks zero. Titer-di
&hce has been set to zero for the time intervals 10,000 yndrou
ach supernova in order to mask the interpolation artef8ets
ext for details.
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We find that our simulated shells are widened due to the Véghni
instability. For the determination of the shell width, weseage
the column density maps over the angle, and identify thd sh
as radial interval where the column density is at least five p,
cent hlgher than in the undisturbed medium. The shell wislth T
shown in Figure[II3 as a function of time and radius, respe
tively, for runs 3S1 and 3S1-hr. For this analysis, we onlg u
late snapshots, where the superbubbles are well estathlishe
The shell width is typically in the tens of per cent regime

and increases with time. The result does not depend on the res
lution. to compare the féect of diferent spatial configurations of the

stars, and not to be dominated by local environmerffakés it

is necessary to use a homogeneous background density.
4. Discussion We have found that with the standard ISM thermodynam-

ics, the peak shell density does not converge with finer reso-
We have investigated the environmental impact of a group laftion. It is not immediately obvious that this should be as,
three massive stars via 3D hydrodynamic simulation. Hereithe photo-electric heating we take into account could ingi
several assumptions and simplifications were necessatily-i ple have produced high enough pressure to limit the shell com
duced: pression. Yet, with our highest resolution of 0.5 pc, this hat

We have adopted a uniform background density dfeen the case. The shell density results from sevéiedts: At

10 mp cm 3. On scales of ten pc and smaller, the dera given pressure level, there is a density and a temperdtate t
sity will in reality be at least a factor of ten higher (e.gcorrespond to thermodynamic equilibrium. When the pressur
Kainulainen et al. 2011). On scales of 100 pc, the densitylshoin the bubble increases, e.g. because a supernova has kdppen
become equal to or even smaller than abommplcm‘3 (e.g. the shell can however not adjust immediately to the new éxuil
de Avillez & Breitschwerdt 2005). Hence, our choice shoudd brium pressure level, because the gas has to be swept together
realistic for the tens of pc scales we simulate (compare aladinite time. The inverse happens at late times (as demdedtra
[Freyer et all 2003, 2006; van Marle etlal. 2012). The real ISM Figure[T) when the bubble pressure strongly decreases, bu
has a rich spatial structure, whereas we use a homogenesusttlie clumps in the shell cannot expand fast enough to remain in
tribution. This is a significant éierence. For a porous ISM, thepressure equilibrium. The compression is of course alsibddn
injected windSN energy could escape through low density rdsy the resolution. The non-convergence therefore mean#iha
gions making the bubbles smaller (Fierlinger et al. 2018b, bubble pressure is high enough for @saiently long time so that
prep.). For such a situation, one should also expect prarealincompression of the shell, or some clumps therein, to everehnig
bubble asymmetries. Indeed, such asymmetries are fourtd in densities may occur if one would repeat the simulation with a
servations (e.g. Churchwell et al. 2006). Yet, in order t@bke even higher resolution. For gas on the thermodynamic dquili

10
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3S1-hr: Averaged column density, time: 12.56 Myr 381 352
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Shell width / outer radius over time
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in our dense clouds, mayftact the cloud compression, but are
not included in our simulation. Thus, even if the compreassio
g 1 would increase still further if one would carry out the siul
s0f R tions at yet higher resolution, this would not necessayrore

g . 1 realistic, as the high density clumps may be regarded as-phys
. x ] cal systems of their own with some of the physics necessary to
20F El 4 describe them properly not being present in our simulations

i K 1 The absolute value of the energy deposition is also reswiuti

S 1 dependent. It increases by about a factor of 1.2 if we dotige t
LI E resolution. The reason for this is likely related to the Viistc

o, ] instability: [Vishniac & Ryl [(1989) estimate the wavelength

which the growth rate is largest as:

Per cent

0 E 1 1 1 I I
0 10 20 30 40 50 60

- A 03pe P 10 2dyncn?\ (10 %cms2
Vimax = U.op 1(T3gcrrr2 Pi a s
Shell width / outer radius over outer radius
40f ‘ ‘ ‘ ] where we have plugged in typical values for the column den-
F 1 sity Xo, the internal pressurB;, and the shell deceleraticn
g * 1 This is comparable to our best resolution. Therefore, fieer r
sop E olution should still trigger strongly unstable Vishniac des,
g 1 which seem to have arffect on the result. The minimum unsta-
* 1 ble wavelength is predicted to beb@y| max. Unfortunately, for
oy 1 the present study we did not have the computational ressurce
;"’* 1 to probe these scales, but this should become possibleurefut
1 In contrast to the Vishniac instability, the Rayleigh-Tayihsta-
o 1 bility continues to grow faster for smaller wavelengthsefihal
- 1 conduction would be expected to be important at even smaller
1 scales of about 0.01 pi, wheren is the number density in
0 50 100 150 200 the shell(McKee & Cowie 1977). Thus, our absolufiagency
Outer radius / po numbers are lower limits.
At the level of this accuracy, 3Dfiects might be important,
Fig.13. Shell width for column density maps. Top: Angle-because the shell instabilities should be 3D in nature. Upeo
averaged column density over radius for run 3S1-hr #tst supernova, our simulations are dominated by the wind of
12.56 Myr. From such plots, the shell width has been detezchinthe 60 M, star, and may thus be compared to the 2D results
as the radial range where the column density is at least five pé|Freyer et al.|(2003). We find an energy response of at least
cent greater than at large radii (undisturbed gas). Théwidth 10 per cent, which compares to 9 per cent in the simulation of
determined in this way is shown in the middle plot as a fumcticEreyer et al.[(2003), which is very similar. It might poinisiome
of time, and in the bottom plot as a function of outer radiugffect in the direction that more energy is retained in the ISM in
Black pluses are for run 3S1, red stars for run 3S1-hr. The av8D simulations, but could also be related to numerical tetai
age shell width does not depend significantly on resolution. the slightly higher density they use.
The general shape of the curves is however well converged
(compare Figure11). As a further check, we have also resimu-
rium curve in the relevant density regime, higher densit@s lated run 3S0 at the resolution of 3S1-hr. The energy deapasit
respond to lower temperatures. Compared to observatlogms (eatio between the two high resolution simulations is venyikir
IPreibisch et él. 2012), the ISM in star forming regions nareto the one at low resolution. We therefore believe that thetive
reaches temperatures below about 20 K, and 20 K to 100 K arends of the energy deposition we report here are reliable.
typical for the dense phase. Similar temperatures are alsudf We find that the Vishniac instability dominates the shell-evo
in our simulated shells. Otheffects like magnetic fields, self- lution. We show that the instability in our simulations isneo
gravity or feedback by the new stars, which in reality mighitdi  nected to the shells’ overdensity and to non-radial motions

Per cent
n
o
T
1
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the shells, in agreement with the predictions of Vishniac®R

(1989) and_Mac Low & Norman| (1983). Limiting the shell’s 120
overdensity by e.g. magnetic fields would therefore diyeat
fect the Vishniac instability.

From the column density plots (Figurek[3, 4 ddd 8), it is
obvious that the observational appearance of the shellris do
inated by the Vishniac instability: If the shells were snig@nd -
the maximum density would increase with resolution as seen i
our simulations (Figurgl5), one would expect that the shet g
thinner with finer resolution, as the smaller cells allowhgg
compression. Yet, we find a radially averaged shell width of %
tens of per cent of the outer radius independent of resalutio
(Figure13). In the low resolution simulation, much of thelthi
is due to the large scale distortion influenced by the gridddir 10 .
tions. For the high resolution simulation the width is dusrteall 0 5 10 15 20 25 30
wavelength modes. Time / Myr

In their survey of 322 interstellar bubblés, Churchwelllét a
(2006) find typical shell widths of 20-40 per cent of the outeFig. 15. Shell kinematics (top: radius, middle: velocity, bottom:
radius. Thus, it seems unlikely that the development of thgceleration), as functions of time for run 3S0. The velocit
Vishniac instability is frequently impeded by anythingg.dim-  points are averaged over time intervals of varying lengthictv
ited compression due to magnetic fields, as this would ag@idrrespond to shell radii fierences of at least 2 cells. The shell
make the shells thin. In other words, in order to study tiiects velocity converges towards the ambient sound speed (rejl lin
of magnetic fields one probably needs much higher numeriggdch supernova leads to a significant acceleration of thié she
resolution than adopted in our models. (black crosses, bottom plot), followed by a comparablyrsiro
The column density should give a rough indication otleceleration (red stars).
observed morphologies. From the corresponding plots, we
find that the Vishniac instability should also lead to observ
able filamentary structure inside the bubbles. This seemsdecay timescale for each subsequent supernova. Conshruent
be the case for some shells associated with supernova refter a supernova, the energy decays fastest if the buldtesn
nants (e.g. Crah, Hester 2008, compare also the discussiotisolated, as each star has a small bubble of its own.
van Marle & Keppens| (2012)), which confirms the above ana- Off-centre explosions are another significaffeet for the
lysis. More detailed comparison would of course be inténgst energy tracks: The first supernova always explodes roughly i
We find that the best way to inject energy into the ISM, i.ehe middle of the superbubble. This must of course be so stt lea
to achieve a high energy response is a continuous, steady fem-coeval stars, since its parent star also has the highest)g
ergy injection. Supernovae dissipate their energy withiou output and is the dominant driver of the superbubble befae-i
1 Myr. We show the kinematics for run 3S0 (all stars at same polodes. The energy tracks of the simulations witliedent spa-
sition) in Figurd_1b. After each supernova, the shell acetds tial configurations of the stars show littlefidirence up to the
significantly. This means more kinetic energy in the shedit Ypoint when the second star explodes. This happens nedgssari
the increased expansion leads to fast adiabatic presssefo significantly df-centre. The explosion accelerates first and most
the shell interior. The increased kinetic energy is quiakissi- efficiently the parts of the super-shell which are most nearby
pated at the leading radiative bow shock, as long as it isglyo (compare the pressure maps in Fidure 14). Yet, if the bulzinkes
supersonic. In contrast, the energy fraction depositelddi$M fully merged at the time of the explosion (3S1) thieet is only
in the wind phase remains roughly constant at ten per cens, That the per cent level. This is due to the high sound speedmwithi
retaining the injected energy in an interstellar bubbleunexs the bubble, which communicates pressuredénces quickly.
continuous energy injection. We notice a considerabléfect on the energy track for run 3S2,
The energy tracks of merging bubbles are entirely dominatedhere the individual bubbles are still well identifiablefss time
by these shell kinematicdfects. For example, in run 3S1, theof the final supernova.
merging process has clearly set in at 2 Myr (compare the high Thus, especially where the shells are not yet fully merged
resolution version, Figuid 3) and continues for a few Myréhe at the time of explosion, theflacentre location leads to a cer-
after. Yet, the energy track for this time interval is indiguish- tain extent to a behaviour closer to the isolated bubble.case
able from run 3S2 (dierent positions of the stars) and even froritherefore, the energy tracks (Figliré 12) of runs 3S1 and 8S2 e
35S0 (no shell merging because drivers are at same locatian) aentially do not leave the range spanned by the isolatedi&ésibb
the sum of S25, S32 and S60 (no shell merging because the starse (S25S32+S60) and the cospatial parent star case (3S0).
are stficiently far away, realised by having them infférent Another finding which might seem curious is that all the en-
simulations). ergy tracks in FigurEZ12 converge at late times. Long after th
Exploding a supernova in a superbubble and not in its ovemergy injection has ceased, the energy of tfiected gas is
wind bubble leads to weaker radiative losses: Each suparnolwminated by the kinetic energy of the shell. Because th@swe
shock heats first the bubble interior. It then makesfiedince up mass is dominated by the action of the M@ star and the
how large the respective bubble is in communicating thentlaér final shell velocity is always similar to the sound speed @& th
energy to the shell: For larger bubbles, the heat energysis dimbient medium, the overall energy increase is very sinmlar
tributed over a greater volume. Thus the overpressure ilemaall simulations.
The force on the shell is correspondingly smaller. Hencellsh  Population synthesis of stellar groygsbgroups combined
acceleration and adiabatic losses of the bubble interipp&@a with energy injection data from stellar evolutionary madel
on a longer timescale. This is the reason for the longer gneilyoss et al 9) show that the wind energy dominates within
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the first few Myr after the star formation event. Later, the erin order to obtain a physically sound feedback model, which i
ergy input is dominated by supernovae. Observed subgrowpsrently lacking in studies of disk galaxies (Scannapitcal.
have an age dierence of order a few Myr_(Voss etlal. 20102012), it seems essential to account for the wind phasehé&iyrt
[2012). Thus, it appears possible that the energy respoose (csince the energy deposition does essentially not depentieon t
pare equatior{1)) is kept high far 10 Myr by the wind con- spatial configuration of the stars, up to stellar distandedout
tributions of diferent subgroups coming in at slightlyfidirent 30 pc in our simulations, it seems reasonable to use stéliss ¢
times. Observations find energy responses of about ten per ders as fundamental feedback units, not individual starsno
or higher (e.g fa- 04; Voss kt al. 201®yher words superbubbles rather than individual bubbléscif
This agrees very well with the results in the wind phase of ouidual stars, at least for a clustered star formation modeghv
highest resolution run and might suggest that additiofietes, should according to our simulations be mofgagent for feed-
which are not taken into account in our simulation and whidhack purposes.
we believe should only increase the energy response, may notWe have verified by comparison to theoretical work that the
dominate. appearance of our wind shells is dominated by the Vishniac in
A similar energy response has also been inferred obsersgability, which is now for the first time prominently seer3b

tionally for galactic winds (e.d. Veilleux etlal. 2005), thgh simulations (this article and van Marle & Keppkns 2012).Hig
only the supernova energy has been taken into account for theolution is essential to obtain the necessary shell ensities
calculation. Galactic winds are thought to arise as a finajme which are crucial for the development of the instabilityisréf-
ing stage from central superbubbles in star-forming ga@xif fect widens the shell significantly in column density pletijch
one wants to keep the energy response high in order to matedasuggest may explain the large observed shell widths 0&€20 p
the constraints from the galactic wind observations, tévid- cent of the outer radii and more. It also produces filamentary
ual bubbles should be closely spaced and merge early in ordeucture in the shell which is also well visible in our colam
to have as constant an energy input rate as possible. This iglensity plots. We conclude that filamentary structure msid
course the case for wind galaxies, such as M82, with their starstellar bubbles may be related to the Vishniac instgbili
clusters and even super-star clusters (e.g. Forster iBehed al.
|lO_0_$; Westmoguette et al, 2009)_ The sarfieat that we ob- Ackpq\Medgenmts This researph was supportgd by the cluster of excellence
serve for individual stars, namely that their energy dejmsis “Origin and Structure of the Universe” (www.universe-tkrsde). We thank the

. . anonymous referee for a very useful report, and MordecakNiéac Low for
higher, if they are closer together, should also apply tetels ey helpful comments.
of stars: If two clusters are closer together, they shoufubdi
more energy into the ISM as if they were further apart.
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