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ABSTRACT

Confest. Luminos bhie vanahle strs (LBVY ) are mas@ve evalved stars that sufler sporadic and vialent mass-kes events. They have
heen proposed as the progeniors of some cone-colbpse supernovae (Shel, bot this idea is <1l debated becase of a ok of srong
evidence, As supemnova remnants (SN Es) can carry in ther morphokigy the lingemprnts af the pmgenilor stars a5 well as af the inher
magenears cmoumeske ] e medium (TSR sculpled by the pragenitors, the study of SKNE5 Imom LBV could help o plhee core.cal lapse
SMe m ooniexd with the evalition of massive slars.

Aimg. Wi myvestigate the physical, chemical, and mer phalagical propenties of the remmni of SMe argmating from LAV in arder 1a
search for sigmatures i the gject distribution and marphalagy of the remmants that could reveal the nature of the progenilors.
Memods. Asa emplake of LY, we comiadensd the LY canchcaie Gal 026 47H102. We selocied a grd of madel that descmbe the
evalulion af a mas= ve slar with properies consstent with theee aof (32l 0236 27 +(102 and @01 linal fate axa core-callpze SN, We devel
aped a three-dmensaanal hydrodynamic mode] that fllows the postexplsion evalition af the eject from the hreakout af the shade
wave al the slellar surface o the imeraction af the SKNE witha CS5M characker ped by o dense nested toroidal shel k., parametnoed in
agrazmeni with multi-wavelkngth observaion: of Gal (26 274+0.012.

fAesuime. Cur madels shonw a sirong mieraction of the hlast wave with the U588 which determines an impartant <lenvdcwn aof the
cupamsim of the gject in the couakr@l plane where the o shells by, deermining a high degree of agymmetry in the remnant.
Adter = KK yr of evalution, the ejecta sheaw an elongated shape birming a broad jetlike strociune caused by the imleraction with the
shizlls and arented along the axk af the terasdal shell. Madek wath high explason energy show Feorich miernal secta dsinbufion:
surrcnmckd by an elomgaied Si-nich siructuee witha mere diffse O-nch gjecta all anound . Models with low explrsaon energy mestead
sherw a mam: homageneous distribution of chemical elements with a very low pressence af Fe-group demems.

Conciugiong. The geometry and denaty distrbutson of the CS5M where a LEY slar goes SN are hinchmental in determaning the prap:
eriies af the resulting SKE. For all the LEV- ke progemiors axplored here, we knnd that the remmants show a commen mornphalagy,
mamely elongated ejecta with an miernal jetlike siruciure, which reflects the inhomageneomws and demnse pre-S8K CSM surroanding the
slar.

Key words. hydrodynamics = 15h: supernova esmmants = supernovae: general
slars: indivadual: (3al (126 47 +0012

slars: maesive

1. Introduction

Luminous blue variahle stars { LBYS) are massive evolved unsia-
ble stars that strongly interact with the ciscumstellar medom
(CSMY, showing dramatic variations in both their spocira and
brightness {Humphreys & Davidson 19904 Humphaeys et al.
190y, This class inchudes stars displaying vaniability on differ-
el timescales and of differing intensity {de Eoter e al 19596,
The mest fypical LBV are the 8 Doradus variahles, which
ane character wed by =0.5-2 mag quasi-periodic varations on a
timescale of years o decades. Giant emptions instead are much

* Mlowies are avadlahle ad https: /v . aanda . arg

Article publihed by EDP Sciences

less commum than the variability observed in 5 Dosadus vari-
ables and determine greater brighiness variations (= -2 mag)
asaociated with an episode of high mass loss (<10 M2) Exam-
ples of these giant eruptions ane those occurring in the case of
ip-Car inase {soe Davidson & Huompheeys 1997 Smith et al. 20083,
Adthough we atill do noet Pully understand the physical mecha-
nism that drives LBY variability, some progress has boen made
in recent years, Recently, Grassitelli @ al. (2020 dewloped a
mediel that reproduces the iypical oservational phenomenol-
opy of the 5 Dosadus variability. Acoording o their model, the
insability responsible for the observed vanahility can be wig-
gered when some physical conditions are met, imolving inflated
cnvelopss in praimity w0 the Eddington limit, a emperaine:
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range that doses ol lead 1o acoe kemating outflows, and a mass- koss
rate that incresses with decremsing temperature (sez Grassiell
el al. 2021, fior mose details). Neveriheless, the causes of the spo-
radic and vielent mass-loss events are still poesly undersiood and
a physical driving mechanim hes not el been cleardy dentified
{Smith e al. 2008).

Acconding 1o the waditional stellar evolution theory, LBYs
are presumed 1o represent a briel wansitional phase in the evo-
lution of the mest massive sias, between the nmain sequence
O-type stars and the Walf—Rayet (WR) stars, but in the lag
decade our thoosetical understanding of massive stellar evwslu-
tion has been radically revised (see Smith 200780, In particular,
in a number of recent works, LBYS have been proposed as the
!ngaum of some core-collapse mmaovae {She), Erl.'::u—

arly Type lin {e.g., Ga]-"t'am-:: al. 2 G-al-"t'am & Lepasrd
200k Miller et al 2000; Smith e al. _l.’:III: Fos et al. 2001,
Taddia et al. 2013, 2020; Pastorello e al 2008 and Type b
She fe.g., Groh et al. 2003 Moriva et al. 2003; Prentios o al.
20200, In maimy cases, the link with SMNe sems friom the fact that,
in this class of SMe, the blasi wave appears to expand in a high-
density medivn, which has been interpreted & resuliing from a
wind with velocities and mwss-loss rakes consistont with those
expeciad for massive LBVs. However, discriminating between
somie stellar iransicns and the SN events can b a wicky issue
insome cases, considering the amoeunt of energy neleased during
spme stellar outhbursis (see Pastonelle & Fraser 20090, Indead,
during giant eruplive epiodes, LBV: can reach iotal luminesi-
lies comparable o that of a 5N, mimicking in some caes the
behavior of real SMe [ng these evens (ihat have mahing 1o do
with SNe) are known & SN im iWan Dk et oal. 20000
Smarit 200, Yan Dyk & Matheson 2002 Tanaglia ¢ial. X050,

Despite the similarities beiween the characieristics of some
SMe {namely those showing srong shocks resulting from the
interaction between their e jecta and the pre-exiding dense CEM)
and those of LBYs (mone specifically, the giant eruption of mass
and the highly structured and dense CSM), firm evidenos that
LEVs are direct core-collapse SMe progenitos B still lacking
{Dwarkadas 2001 Smidh 2007k Yan Dok 2007; Myholm e al.
20200, Oaly Type Lin SN A005g] was found o be & valid candi-
date for an L BV-like progenitor {Gal-Yam e al. 2007, Gal-Yam
& Leonard 2006F). In fact, a large population of sources closely
related o the LEY stapge of massive stellar evolution has been
idendified {Wachicr e al. 2000; Crvaramadze ef al. 2000, 2015,
Smith et al. 2009, bot the v connection with some [l
SMe is mod clear On the ether hand, te information about the
environments in which the sams explode may esiablish some
consirains on the evolutionary phases of the progenitons {Fox
e oal, 2001 Anderson er al. 2002 Myhelm et oal, 20000, How-
evier, while ohservations show that some SNe seem to have had
LBV s progeniiess, there are only a couple of theoretical med-
ek that LEV: expleding & SNe in the framework of
singke stellar evoluion {Groh e al. 2003; Moriva et al. 2003}

Another interesting clue o be explored & the possible iden-
tification of signaures of LBY progenitess inthe gjecta distribu-
tien and mosphelegy of supemova renmnants (SNEs). In fact, the
morphelegy and the distribution of material ohserved in SNRs
is expecied o reflect the interaction of the SN blast wave with
the ambient environment (&g, Ustanmujic etal. 20210, the physi-
cal processes associaled with the SN explosion, and the naiure
of the progeniter star. Being able 1o disentangle the diffesent
effeck is a challenging puzzle io explore and sobve {e.g., Orlando
el al. 2005, 2006, 2009, 2020, 2021 Wongwathansaral ¢ al. 2007,
Ferrand et al. 2009, 2021 Tutone e al. 202000 Gabler e al. 2021,
Jacovich et al. 20213 Recently, Chictellis e al. (202 1) proposed
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that the two protnsions that are projecied as two “ears™ in the
merphelegy of some SN RS could be formed by the interaction
of the remnant with the C8M, considering a LBV or areddyellow
supergiant & the most likely progeniines in the case of a core
oollapse SN event. Other suthoss insiead the sccnario
of the jet-driven core-collapse SN mechansms 1o in these
clongated fesiunes (see Crichener & Soker 2007 Bear & Soker
LIRS

In this week, we investigaie the physical, chemical, and mor-
phelegical properties of SNRs of stars exploded s SMe st (o
sosi after) the LBY evolutionar y stage. Generally, LBY's ane sur-
rounded by extended circunsiellar envelopes that show a wide
variely of characteristics reflecting the mass- koss histooy of the
variable sars. For our sudy, we a d the LEBY candidate Gal
(26474002 6 a template (hereafier G 26; see Clark etal. 2003,
20057, which exhibiis one of the highes ohsorvied mass losses
from the central ohject. G246 is locaked in a very massive mebula
that hes been extensively studied. Indeed, anaccusaie description
of the swucture and densiy disiribution of the nebula has been
dirived from the analysis of ohservations (see Paron et al. 2012,
Lmana et al. 2002, The exweme characterisics of the cavinon-
ment mwsociaed with G268 (see Unana et al. 2002) i quite well
with the requirement fior the progniler of Type [n SN 2000
aconrding e the mode] by Andrews etal. (20015, This may indi-
cate that (26 could be the precussor ofa very bright Type Lln SN,
The central star shows a luminosity log{L /L) = 6, a tempera-
ture T = 17 000 K, and mass ejection rate M = 92 1077 Mo yr~!
(Clark @ al. 20603; Wachier et al. 2000 . Assuming a distance of
6.5 kpe (Clack et al. 2003), the nebula G26 consists of =200M;
of onizsd gas disribmed in two nested tori (or shelk) around a
commen axis which have boen interpreted as the observational
evidence of episodic mass-loss events (Umana e al. 2002).
[s emperaiure and luminesity place G26 in a region of the HR
diagram thai is populaied by relatively typical LBY sias {see
Figs. | and 3 in Smith 20078). The high ietal mass of maierial
detectod in G246 could b an indication of a few giant enerpetic
eruptions. that eocumed in the past or a number of moedesate
mss-loss events {Umana ¢ al. 20023, Thus, the distribution of
material observed in the ¢ircumse lar environment reflecis the
mss-loss hisory of the siar and B thenefore particular w G206,
Awocording to evolutionarny models, G226 evolwed from a slar with
an initial mass of between 80 and 80 M (see Fig. 14 in Limongi
& Chieff 2018; see also Smith 2007k

For our purposes, we selecied a grid of massive stas, in
agreement with the charscwieristics of G26, which explode =
oore-collapse SNe from the stiellar models described in Limongi
& Chieffi (2008). We then performed theee-dimensional {30
hydeedynamic (HD) sinulations tha follow the post-explesion
evolution of the 8N from the beeakowt of the shoeck wave st the
surface of e LBY progenites tothe inessction of the SNE with
the circumsiellar envisonment. We explosed agrid of eight mod-
els that differ in terms of the progeniler sar characiernistics and
the explsion energy, and considering the same circumsiellar
cnvirenment as that described in Unana cial, (20020

The paper is erganized as follows. In Sect. 2, we describe the
miedel and the numerical setup; in Sect. 3 we discuss the resuls;
and in Sect. 4 we draw our conclusion.

2. Hydrodynamic model
2.1. Numerical seiup

The model describes the post-explosion evoluion of a oore-
oollapse SN from the breakowt of the shock wave st the siellar
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surface (eocurring a fow minutes after the SM event) to the inter-
action of the blast wave and gjocta caused by the explosion with
the circunstellar environment, We followed the evolution for
£ L0000 yr by nume rical by solving the full tine- dependent FLD
equations ina 30 Canesian comrdinate system (g, 21 The HD
equations wene sobved in the conservative form,

e
I+T-‘-{,uu]—fl i
m"’—m+?-uuu]+'ﬁ‘}:‘=ﬂ. 2)
ar
e
"”fh ! 4V [wlpE + P =0, 3

whene £ = 4 07/2 is the ol g energy {inmernal encigy £,
and kinetic energy) per unil mass, 1 isithe time, g = e 5 the
miass densily, w5 the mean alomic mass (g for the ¢ jecta consid-
crs their Botopic composition, whereas = 129 B the CSM,
assuming coamic abundances), iy is the mass of the hydoegen
atoan, A is the todal number density, w is the gas velocity, and T B
the wenpseratre. We used the ideal gas law, P o= {3 — e, whese
¥ = 53 isthe adiabatic index.

The calculations were performed using PLUTO (Mignone
el oal. 2007, a modular Godunow-type code for asirophysical
plasmas. The code provides amultiphysics, multialgosithm mod-
ular envirenment particularly oriented towards the tresiment
of sirophysical, high- Mach-number Bows in multiple spatial
dimensions. The code was designed o make efficient use of
misssive paralke ] computers using the message- passing inter face
(WP librany for inter prooe ssor communications. The HD equa-
tions are solved wsing the HD module available in PLUTO; the
integration is performed using the original Phecew e Parabaolic
Methed (PPM) econstruction by Colella & Woodward {1984,
soe alao Miller & Colella 2002 with a Roe Riemann solver.
The adopled scheme & panicularly appropriaie for describing
the shocks formed during the ineraction of the enmnan with
the surrounding inhomogencous medium, &5 in our cae. A
meniinous oxilral difference limiter (e least diffusive lim-
iter available in PLUTO) B the primitive variables is used. The
code was exiendad by additional computational modules to eval-
uade the deviations foom equilibrivm of ionzation of the mos
alundant jions (through the computation of the maxinum ion-
ization apge in each cell of the spatial domain s described in
Orlande ¢ al. 20053, and the deviations from tenpse raluge aqui-
libration between electrons and jons. For the later, we includod
ihe almost instantaneous heating of elecinns at shock Fronts up
i T =03 ke by lower hybeid waves (see Ghavamian o al.
20607y, and the effecs of Coulomb collisions fer the calculation
of on and eleciron enmperaures in the pod-shock plasma {see
Orlande ¢ al. 2005, for funher details).

2.2 kmtial and boundary conaitions

Wie modielad the post-explsion evolution of a core-collapse SH
starting immedistely after the shock breakout, and Bllowed the
transition from the SN o the SNE phase and the interaction
of the remnant with the inhomoegeneous pre-SH envimonmend.
As initial conditions, we adopted the explosive nuclecsynihesis
medils describod in Limongi & Chielfli (2018). These authoss
presentod a prid of pre-SN models of massive stars whose mass
apeins the pange between 13 and 1208, covering four metallic-
ities fie., [FefH) =0, —1,<2, and —3) and theee initial ralation
welocities {i.e., 0, 150, and 300 km s~ In panticular, we selected

Table L Summary af the pre-5N medel (Lamongs & Chiefh 2005)
ackypled ax imbal condmmoms.

Mol MMz Vo lkms™') Eep (o)
MEO-VI- | Foe i) 0 [ 10
MGV I00- | Foe i) 300 [ = 105
MG0-V0-FFoe i) 0 9 1
MGV I00-9Foe i) 300 9 1
MEANVI- | Foe i 0 [ s 105
AR - | Fose i) 30N | s L
MR- | 2 e i) il 123 1!
MR-V I00- | Yo A0 30K [ 23 105

thee msdi 1s with solar metallicity and star masse s of either S0 or
R M-, which reproduce evolutionany wacks in agreement with
the poaition of G26 in the Henzsprung—Russell {HE) diag ram
faee lefl upper panel in Fig. 1) see akoe Fig. 14 in Limoengi &
Chieffi 2018, and Fig. 3 in Smith 2007k) . For the initial sotation
velocity, we exploned the modek with the two extreme vahes'
namely either 0 or 300 km 5" For completeness, for each case,
wie aelectod a SN with ¢ither low or high explecion enerey, con-
sidering the wotal kinetic energy of the gjecta”. A sumnary of the
cases exploned s given in Table |, where we report?: the main
saquence mass of the star, M) the initial rotation velocity of ihe
star, Vi, and the energy of the explosion, E.,.

The initial blast wave is defimed from the one-dimensional
{100 profiles of density, pressure, velocity, and shbundances of
ten species’ (THe, B0, WM, W, TNe Hplp, 288, s, 4TI,
1) describing the e jecia afier the shock breakout. In Fig. 1, we
present the profiles of density for the models outlined in Table |
flog right pane D), and the abundances of the ten spocies consid-
cred For two neference cases, one with low (el boltom panel)
and the oiher with high {right botiom panel) explosion energy,
and both B a wero-age main sequenc: (ZAMS) sar of G0M-.
The range of enclosed mass ploited on the s-axis is very differ-
et For Jow- and high-esplosion energy mode s bocause of the
different locations of the mass cut {see Limongi & Chicffi 20083,

In our models, these 1D prodfilkes ae mapped in the 30
domain, assuming spherical symmetry, and centenad st the origin
of the 3D Cantesian coordinate sygem. We saumed a clumpy
initial density struciure of the ¢jecta, & sugoestad by theoretical
and speciropolarimetric sudies (e.g., Napataki 2000 Kifonidis
et al. 20 Wang et al 2003, 200 Wang & Wheeler 2008,
Crawryazceak et al, 2000, Haole e al. 2000; Wongwathanaral o al.
2015y Thus, afier the | D profiles of gjocta are remapped to the
3D donain, te small-scale strwetune of the gjecta B modelad 2
per-cell random density distributions by adopiing a power-law
probability distribution (see Orlando of al. 20020 Inour simula-
tions, the ejecta clhimps have the same initial size (about 2% of

I Fr the ke aof camprletenes, we selecled the slars wath the mesi
enireme vahies of mitil rotton velocity (ee Lmaongi & Chielh X0E),
even il the evalulim af the madels with ¥y = 300 km s~ & modin gexidd
agmzemeni with the pesixm af (26 m the HR diagram {=ee Fag. 1.

? Al slage the energy of the gjeck & almost entirely kinetic, heing
the imlermal enegy anly a small perceniage of the tolal energy.

* The parameters cullined in Table 1 are referned to the vahies used for
the pre-Sh models described in Limongi & Chaefli (XS

* Wiz ko medl imclude the Hin our mede] hecanse ils kol mass i very
krw m all the progemiors comadened here (see Table 1), as o hax been
enpelled by the str almost kdally imo the OS5 bebire the 5K even.
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Fig. L Left apper panel: Pre-5N evalution af slars of 60 M. and 80 4, (from the main sequence phase up & the core He deplaion stage, see
Limengi & Chielhi 2008 ), with salr (mili)j metlBcities and mitial rotation velocities ¥, = 0l 57! (salid lines)and ¥, = 300 km 57" {dotled
lmes). The yellony astersk marks the position af (G26in the HE diagram. RBghd apperpanel imal radml profikes of density i the maodels defined
in Tahle 1. Maodels with inilial rottion velocities ¥, =0 km 5" and ¥, = 30 km 5" are represented with salid and dotted lines neqectively.
Lenver panels: imtial radm] prabiles of mass fractions for the species comsadered Bir two represientati ve maded, one with a kny explesiion enesgy (Tef?
manelh and the oiher wath a high ecplosion mergy (ripht panel ). In hath cses, the mode] describes a ZAMS star of 60 4. The range of enclosed
mass oe-ands) is very diffementin these madels hecanse of the different cation of the mass oot (see Limon g & Chiefl 2HE).

the iniial reninant radius), and & maxinem density penurbation
vaee = L0 In Table 2, we outline the todal masses of the cham-
ical @lements composing the ejecta fior all the mode b presented
in Table L. In Table 3, we repont the total mass of the fallback,
My the mass of the gject, My the initial time of the sim-
ulaiion, & the radivs of the sphere containing the ejecta at iy,
By the extension of the domain, in the first, D;, and last, Dy,

remapping {see hier).
The pre-5N environment is parameirized by follvwing the
iwio-ahel | mosdel fior 526 by Umana ef al. { 20020 basaed

on radio and infrared observations {see Figo 2) see alko Fig. 2
in Unana e al, 20025, According o Umana et al. (20020, the
very massive nebula of G26 consisis of a1 least 1T M of ionized
gas’ divided inie 76 M, and 97 M in the inner and outer-
mosl nebubs, respectively. The estimaied wolal mass of dust &
1 2-32 0 10— M., which is several onders of magnimde lower
than the mas of the jonized gas and thus negligible for the
purpeses of this paper. In light of this, we defined an ambient

4 This has & be considered a5 a knwer imal of the tre contenl n mass
o the emtize nebula (see Umana e al. X0 2L

AKT, page £ of 18

medium considing of a spherically symmeiric steady wind and
twe dense nested shells {representing the inner and oulermos
nebula observed) with a common axis codncident with the 2-
axis (see bodom panel in Fig. 2). We assumed the two shells
{possibly related w diffesent mass-loss e pisedes occursed in the
pesi) each with a mass of - 10 M, namely slightly higher than
the twe lower limits (7.6 My and 9.7 M) found by Unnana et al.
2012). The spherically symmetric wind is characterized by a gas
density proportional 1o+, defined following a mass-loss raie”
M= 107 Mooy We fixed a lower threshold of 0.1 em™ for
the pre-SN density ofthe CSM, which comesponds o assuming
a progressive fatening of the wind profile i a wniform density
al laroe madii”. We nale that the environment ouilined in the Toi-
tom panel n Fig. 2 is a simplified version of the CSM expected

o The massloss rate was derived acuming a wind welocity af
N} km ', which & wilhin the range alserved for LAY and LBV
canclidates {ie, 100=250 km s~'; Vink X2 )

7 The Hatening af the densily pralile i intracuced (o prevent unrealis-
tically lenw values af the wind densaty thal would he olherwne descr thed

withihe 7= prafilk.
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Table Z Summary af the kol masses (mounils of M pal the chemacl elements composing the gjecta in the madels desonbed in Tahle 1.

h'j‘hll:l M-I]E Mui" MH:‘.; MII-:) MJI-:‘.;= MJ-I:& Mlli M-Il-i_'u M-HI M"-:‘.l'_
MEO-VO-1Fee 078 149 52 x 1001 092 0027 26 =107 (8% 107 93x 10 64x 1079 69x 0¥
MEO-VIND-IFse 052 LIS 0= 107 LO7 0087 L] Lo 107 Bdx 107 12x 1077 a4 1or®
MGO-VO-9Fee 089 268 S3x 105 TR LI .15 050 L0038 16> 105 002
MEO-VIND9Fee 062 220 45x 105 #0d L3 017 045 (iXVE]! 1.2 % 105 0026
MAEG-VO-1Fee 069 114 24x100"™ 075 0084 0.012 (5= 107 68107 0= 1077 Laxio?
MEO-YVIN0-1Fee 059 125 40= 10 L0F 0072 76 =107 16x107 69x<10° 17=10- 52«09
MEONVO- 12Fee 106 322 25x 105 114 LM 019 067 L0446 1.9 = 105 0024
MADNIOD- [2Foe 070 246 45= 1077 843 115 016 059 .05 2.7« 1o 072

Table A Summary af the parameters descrihing the imtial condition and the comguiaticmal domain adapled for the model described i Tahle 1.

Ml Mem (M) Mg iMz) & is) R {em) 0 {em) I fem)
R0 - | Fose |3 i 373 40 =0&x 0l =23k 10 =l 10T
M0V 300- | Foe 13.75 291 IBI0 == 109 =25= 109 =16 0D
A0 (-9 Foe 34 1341 00 =R 7 l0Y =20 l0t =28 10T
MDY I00-FFoe 325 (288 30794 =16 10" =39 10" =28 107
MEADY - Foe ) 333 60 =l1x=10" =26x10"7 =18x10™
WA 300- | Foe 1446 3 IRIE =T9x 10V =19x10" =17x 10"
MEDVO- |2 Foe 4.14 1826 550 =19x107 =45x102 =26 0%
MAD-Y IN0- [FFoe 239 M58 33885 =20x 10" =47x=10" =28x 10"

in a LBY exploding star, In particular, we expect i find a more
complex and dense CSM close to the sarn However, due o the
lack of inkymation abow the moere internal CEM, here we focus
an investigating the possible effects of an SN interacting with
the ioroidal struciures identifed in G286 by Unmana et al, 20020,

The twi shells ane defimed as clumpy sruciunes azimuthally
symmeiric about the saxis, centersd s the origin of the 3D
Caresian coordinate system {a, g, o) = (000,00, They folkow
the shapse of an elliptic torus, that is, & surface of revolution poo-
duced by mdating an ellipse, in this case, about the s-axis. The
dimensions of the shells werne chosen following the resulis of
Umana et al, (20012, The madius of the inner and outer shelk
(L., the distances from the center of explosion o the center of
the ellipaes) ane =006 pe and = [ 6 po, espectively, Assuming &
wind velocity of 200 kms-! {e.g., Smith 200 7, the shells would
b the relics of mass-ejection episodes oocuming betwoan 3000
and B0 yvears befone the SN evenl. The length of the major
semi-axi (along the s-direction) is 0.8 and 1.5 pe for the inner
and outer shells, respectively; the size of the mines semi-axis (in
the aa-plame) is 015 pe inboth cases.

The two dense shells ane expocted & play a central role in
mdifying the expansion of the forwand shock and in driving a
reflected shock through the ejecta. As the goometry and density
diswibution adopied in the paper ame idealized, this may inino-
dwee spme feaiures in the renmnan grociuse if the shells are
asaumed 1o be uniform. In eoder 1o gel a non-uniform density
distribution forthe twoe shells, the material was modeled a5 a se
of randomly distributed spherical clumps of =005 po in radius
mined with spherical subclumps of =005 pe in radius {see, for
instance, Ustamujic e1 al 202100 The densiy of the plasma in
the spheres follows a normal disiribution with a mean density
of 160 cem™ and 45 em~ for the inner and outer shells, respec-
tively, in agrecment with the values of average elociion density

catimated by Umana o al. (2002) for the comesponding shells
in G226 (assuming a distance of 65 kpe, see Clark et al. 206037,
The wtal mass in each modeled shell js =12 M- in agreement
with the edimates given by Umana et al {2002). We sssume the
twn dense shells to be in pressure equilibrium with the envi-
ronment. We moie that we meglectad any bulk welecity in both
components of the pre-SN CSM, namely the wind componend
and the two dense shelk, because it would be much smaller than
the velocity of the forwand shock anyway. Funthermoone, because
of a lack of ehaervational constrainis and evidence, we neglecied
miss eruplions tat may have oocwmed in the laicsst phases of
the propenios evahition before cone collapse and that could have
generaied adense and inhomoegens ous mediom in the immediate
susrounding of the SN, We have no indications of this material
from ohservations of G268, and we prefer o keep the CSM &
simple as possible o invesigate the effiects of the extended shells
observed in G226 on the SNE evolution.

The simulations include passive wacers () o follow the evo-
lutioa of the different plasma conpone nis {the ejecta and the iwoe
diende shells), o swode nformation on the shocked plasna {tine,
shock velocity, and shock position when a cell of the mesh is
shocked by either the forwand or the reverse shock), and 1o fiol-
limy the chemical evolution of the ejecta for ten different species
He, "C, N, B0, TNe, M Me 281 Y Ca, YT NI The con-
timity equations of the tracers are solved in addition 1o our sed
of HD equations. [n the case of racers associated with the dif-
ferent plasma compemants {ejocta or the shells), each material
is initialized with ©; = 1, whike ;= 0 elsewhere, where the
imdex § refers 1o the gjecta a5 a whole, or o the material in the
inner o0 in outer shell, The chemical evolution of the gjectais fiol-
lmwed by adopting a muliple fuids approach {see eg Orlando
el al, 2006, 20215 The Auids follewing the evolution of the dif-
ferent species are iniialized with the abundances caloulated
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(326 pre-3N environment

Fig. 2. Top: map of (G236 which combines i frara] a1 24 pm {blueh and
racl i {recl) mages (e Umana o al. 2001250 Botdom: schematic view af
the C5M arcund (G236, represemiing the two demeshelk (m szd and hght
blue)abserved in the racho and mirared hands. The LBY & located in
1he cemier ol the two nesied foroidal shells.

the shock breakout with the SN models described in Limongi &
Chie i (2018) and caleulated from the set of gellar models sum-
miarized in Table | {see Fig. [ The different Buids mix woepether
during the ewlution and in panicular when the cjecta interact
with the reverse shock that develops dur ing the espansion of the
remnant. The density of a specific element in & Muid cell & cal-
culated as g = - O, whene, inthis case, © is the mass Mraction
of cach element and the index §nefiers o the considered element.
This approach alloews us o Bxllow the spatial disicibotion of the
chemical elements both nside and ouiside the reverse shock dus-
i the e ] evedution. A1 the other tracers (in panicula those
ihat stome nfeormation on the shocked plasma) ane initialized io
Zern everyw here.

A KT, mge G al 18

The computational domain is a Canesian b coverad by a
uniform grid of 512 = 512 5123 zones, including the iniial rem-
nand defined by the profiles presented in Fig. | {see Limongi &
Chiceffi 2008) mapped in 30, The initial computational demain
extends Toom (=% 20 wo (72 in all directions {see Tablke 33,
i cover the sphere containing the cjecta ai the beginning of
the simulation, leading io a spatial seselution n the mnge of
45 = 10" 92 = 10" em depending on the model. In osder 1o
foldow the lage physical scales spanned during the remnand
cupansion, we adopled the approach described in Orlando et al.
(200, 20200, During the evslution, the computational demain
wirs gradually exiendad following the expansion of the remnan
through the CSM and the physical quantitics were remappad in
the new domain. The demain is exiended by afactor of 12 inall
diections when the beward shock reache s one of the boundsas ies
of the Cartesian . The numbser of mesh poins is the same al
cach memapping, and therefore the spatial eschtion gradually
decicases during evslution. In cach remapping, all the physical
quantities in the new megion — added outside the previeus com-
puiational domain — ae sel o the valwes of the pee-8W CSM. For
the models cxplosed here, betwesn M oand 100 remappings were
necessary i folloey the imeraction of the remnant with the C5M
during 1000 yr of evelution. The final domain extends bebween
(=0 2 and {0025 inall directions {so: Table 30, leading 10 a
spalial resolution in the range 3.0 107 - 5.5 10" cm depend-
ing on the model. Al physical quantities were fixed tothe values
of the e- SN CSM at all boundaries.

3. Results
3.1. Hyedrodynamic svoiuion

Soon after the shock breakout, the l\.'_.b.'l\."lﬂ T RO froe I_'|
through the spherically symmetric wind, driving a forwand shock
in the wind and a reverse shock backward theough the ejecta.
During this phise of evolution, e unshocked ejecta expand
almost homologously, thus maintaining their initial siracture and
chemical siratification. After = 18— yr of evelution, depending
oat the case, the ferwand shock his the innermest dense shell of
thz T8 M LTl |'Il.' ]l I this section, wie diese ribse the interac tion
of the modeled remnants {see Table 1) with the twe shells and
their subsoquent evlution for = [0000 years, In all the figurnes
presented in this section, we msumed the system oriented & the
togoidal shells of G246, & deduced from the apalyvais of observa-
timns {see Fig. 2 in Umana e al. 2002). To this end, we rotaiod
the original system about the three axes by the angles 1, = 307,
i, = 30F and i, = 257 o fit the onentation of the shells in G246
with respect tothe line of sight (Lo&),

The evalution of madel M&D-Y-1Fos: & shewn in I'Il."ﬁ 3
and 4 st different epochs (increasing from wpper lefl o lower
right pancls). Figure 3 reporis the densiy distributions for ihe
cjecta in logarithmic scale; Fig. 4 shows the same isosur faces
that appear in Fig. 3, but colomed acosrding o the conrespond-
ing radial velociy (we node the different color scale inthe lower
panz]s). The complete temporal evolution B available & online
miwies { Movie | and Movie 2. The todal miass of the ..;i..\.-m in
this misdel is low, namely =4 M (see Table 30, & most of the
skellar mass was loa inthe CSM during the pre- 5N phases of ihe
atar, and inthe fallbsck during the cose-oollapse event (=14 M,
sz Table 3). The Bewardshock, whose position is indicated with
a semi-iransparend surface in both figures, stars io interact with
the innermoat dense shell (red clumpy scmi-iransparent s -
twne i the dop lefl panel in Fig, 35 afler =400y of evslution. The
inieraction determines a strong showdown of the forwand shock
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Fig. 3. Demnly disiribuions af the ejeda of the model M-V 1Fae al different evalution imes (ncreasang rom apper Il b Tover right
The opague irmegubr Bosurfaces comespond 1o a vale of density a1 %% of the peak demsily with one quadrani ool in osder o see the ool
dmiribution. The wemi-transparent surface mass the posiion af the orward shock; the mamlly oradal sema-tramparent stuctures in red and
cyan cakirs represent the mner and outer shells m the OS8R e peciively. The system is anenled as (G626 (see Fig. 2), camesponding 1o the rolation
angles i, = 3, i, = 3", i; = 257 ahowd the x, g, and 7 anes, respeciively, The evaluion time is shown in the upper kefil comner af each panel. A,
inclicades the distance af the forwand shock from the center of the ecplesion akng the raxs. The complete emporal evalulon & availkble onhine

(Mlowme 10

which progagaies through the shell (see top left pane] in Fig. 43,
and, consaquently, a strengthening of the reverse shock travel-
ing through the ¢jecta. Meamyhile, the beward shock continues
i expand feely through the wind along the polar directions
{roughly along the s-axis) As aresull, the inital quasi-apherical
distribution of cjecia progressively becomes mymmeiric {elon-
gated i the & direction) in the subsequent evolution {see op
central pame] in Figs, 3 and 40 In a few years, at 5= [ 15 yr, the
fiorwand shock poes beyond the inner shell inithe equatosial plane
and stars waveling again through the wind. A fler =250 yr of evo-
lutica, the blast hits the cuter dense shell {cyan semi-iranspaneni
clumpy straciure in the dop middle panel in Fig. 30 Similarly
1o the previously cnoountered shell, the dense weoidal straciure
slomws doswn the expansion of the forwand shock (see top right
panc] in Fig 43, and, again, it produces a sirengihening of the
reverse shock wraveling through the ejecta. This tegether with the
froe l\."'..p.."'ll'l:‘lil\.il'l af e l\.:il\.'\."ln'."l al the p-.:-|n.11 further enhances ihe
clongated shape of the remnant {see top right panel in Fig. 33,
The reverse shock, powerad by the interaction with the twe dense
shells, heats the internal cjecta and, after = L0 yr of evslu-

tioa, e fiocuses appreimately on the s-axis near the center of

the explosion {see botiom left panel in Fig. 33 The almost per-
fizci .I'l\.'l:\.h.'llhil'll.' ol the meverse shock is enhanoed hl_'| the idealized
cylindrical symmetsy of the sytenm and in particular of the o

shells adopted. Ad this point, the central pans of the ejocta are
confined by the material of the shell, while the terminal adges
along the poles continue 1o expand at high velociy {see botiom
lefit panel in Fig. 43 ARerthe imeraction with the two shells, the
rennan continues 1 expand through the wind of the progenitos
star | see botiom middle pancls in Figs. 3 and 43 Ad the end of the
simmulation, namely afer = L0000y of evolution, the ¢jecta have
slmwed dioswn their expansion {see botiom right panel in Fig. 43
and they shay an elongated shape due 1o the ineraction with
the twe dense doroidal shells. At this time, the morphelogy is
characierized by a broad jei-like stroctuse with maxinuom densiy
aloeng the s-axis, which extends for =24 pe from the center of the
cuplosion {see botiom right panel in Fig. 31 I is wosth noding
that, n our simulations, we assumed that the remnant poops-
gates theough an almoest uniferm ambient environment al laroe
digances from the center of the explosion (namely because of
ihe Aaitening of the wind densiy profile to 0.1 cm—; see Sect. 2).
Flowever, at these distanoes, the remnant & expecled 1o propagate
through an inhomogeneous IS that may partially wash out the
fingenprints of the previous imeraction of the renmant with the
twio dense shells.

Similarly w the case with low explosion energy reponed in
Figa. 3 and 4, the evelution of model MEG-Y0-9Foe s shown
in Figa. 5 and & sl different epochs (increasing from upper
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ME0-T- PR T
Aat

Fig. 6. Same ax in Fig. 5 but the calors give the radml vekony in umts aof 100K km s~

avai bhle anlime {(Movie 4.

left dr Joower right panels). We node the different scales used in
these fipures in oomparison with the awalogows ones for model
MAGO-Y O 1 o, The complete temporal evaslution & available s
online mowies { Movie 3 and Movie 4% The total mass of the
chcta in model MEID-9F0c is much higher than in model
MGOA (-1 Foe, namely = 13 M-, as only =3 M- wene loa in the
fallback during the cose-collapse event {see Table 3). Inthis case,
the forwand shock moves quickly theeugh the CSM powered by
ih high kinetic energy of the ejecta and slans to interact much
carlier with the inner dense shell (red climpy semi-iranspanen
structure in the wog left panels in Figs, 3 and 5, namely afer
-0y of evelution. As in model ME0-Y0-1Foee, the inerac-
tion determines a slowdown of the forwand shock which travek
ithrough the shell {see wop left panel in Fig &) and a strengthen-
ing of the reverse shock traveling through the gjecta, but in this
cae the effect is far kss pronounced because of the high kimetic
emerpy of the cjecta (see op lef and middle pancls in Figs. 3—
0. The imersction of the remnamt with the shell lasis for =38
yiears, The forward shock, nepresented with a '\-I\.'IL'Ii'll.uI'\-j:".IIl\.'Ill
surface in Fig. 5, then stars traveling again through the ¢ wind
of the progenitor. After =130 yr of evolution, the blast wave
hits the euter shell {oyan semi-transpanent clumpy struciuse in
the top middle pancl in Fig. 50 Also, in this case, the dense
shell squeczes the ejocta and pushes them aleng the s-direction

{see top right panek in Figa. 5 and &) However, because of

i high kinetic energy of the ejecta, the deceleration of the
forwand shock through the dense shell is met as felevant as in

1
cmn the soorface. The complete emporal evalulon is

medicl MGOAD- I Fee and the blag moves quickly beyond the
shell {see botom panck in Fig. 80 As a conseguence, the selative
strengihening of the reverse shock is nod as evident as i madel
MG | Roe aee top right panel in Fig. 30, and the shock e fios-
cuses on the s-axi much later, For instanoz, at 1 = 42060 yr ihe
remnant has already reached a maxinmum expansion of =26 po
from the center {see botiom middle panel in Fig. 5) in maodel
MEOA0-9R0e; in other words, the reminant i mose @sxtended
ihan that of te amalogous model with low explosion energy
(ME0-Y0- 1 Fee) st the end of the simulation {see bottom right
panel in Fig, 30 However, at the same ape, the everse shock
in o]l WB0-YI0-9F e has nod refocused and the inner gjecia
hasive oyl becn heated. A the end of the simuolation, namely s
= | () (60 v, the gjecta have an elongated shape forming a beosd
jet-like structuse with maximum densily along the 2-axis, which
cxiends for =38 po from e center of the explosion {soe botiom
right panl in Fig. 5).

The evolution and density distribution of the SNRs in moed-
cls with the same explosion energy but different masses of the
prsgenitor gars (model MGOY0- | Fee and MBO-Y0-1Foe) ane
viery aimilar, The reason for this resemblance is that the increase
in mass of the progeniies is nod efected in the mass of the
cjecta, & all the additional mass may have beon previously
cupelled indo the CSM or lod in the fallback immedistely afies
the SN event {see second and third columns in Table 33. This is
also true for modiek with Loy cxplosion encrgy and a nonaen
rodation velocity (e, MO0-YI00-1 Foe and MB0A300- | Foe).
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Fig: 7. Densily dsmibutions kr the geda of the models MBIV 12Foe (fef panely and MERY Ik 1250 (aght paneld aller ~100EKF yr al
evelluliom. The iscsur fuces and the anentation af the syskem are delined ax inFig. 3.

Thus, the explosion energy plays a crucial mele n debermining
the morphalegy of the fenmant during the inemction with the
inhomope neous S,

This is confirmed by the models with a high explosion
cmerpy. Specifically, we find that the renmnam evolution and
its. mor phalegy change appreciably from maodels ME-Y0-9F o
and MB0 300-9F0e 10 models BB 12F0me and RED-Y300-
1 2Fme because of a higher explosion energy in the laber (see
Table 33 As a consequence, the ¢jecta expand faster in mod-
el MANND- 1 2Foe and MAGS 3060- 1 2Foe than in the nest of the
midils snd, thus, the everse shock nefocuses at laker times. Fog
imstance, in model MEGS0- 12Fo: te internal ejecta have nal
boen shocked by the reverse shock at the end of the sinulation
(R ki |'1."I.I'|l.| in |'Il.' -|I| wheress the mevierse shock e focused
al the cenier of the explosion at 5= 6500 v in model MGO-
Vill-9Fme. In model MAGN I00- 12F0e, the cjecia mass s only
alightly higher than in mode] MGOA0-9F0e {see Table 3, and
ihee meverse shock refocuses at 5= S000 yr (instead of 5= G500 yr
a5 in MG -0 Re ).

Orir simulations show that the remnant moeophelogy is char-
acterized by a large-scale asymmetry due to the ineraction with
the dense shells, which changes significandy during the ewnlu-
tioan, We can describe the degree of ssymmetny of the renmnant
by the parameter & = ASA L, where A, and A, are the distances
of the forward shock from the cemter of the ex |':I|l.:hil.:ll'| .'.‘Ill.:ll'll.' e
c-axis and inthe ay plane, respectively. In Fig, #, we pla the
parameter & versus the time of evelution {in logarithmic scale)
fior thee di fhement mosdiels e PII\.M’L‘I\J LETRTE] Table | i The |:Il.' e Shmhs
that the models present theee well-differentiatod phases: (1) the
initial free expansion theough the stellar wind; {23 the interaction
with the two dense shells; and (3) the later expansion theough the
wind. During the first phase, 8= [, which means that the rem-
nznd is almoest spherically synmmeric: the homoelegous expansion
of the remnant preserves the symmetry of tee ejocta in all the
migdels explorad. [n the subsequent phase, when the gjecta stan
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i imteract with the two dense shells (see Fig, 23, the remnan
bocomes ogessively mone asymmelric, eaching the masi-
mm asymme iy afer the imeraction with the euter shell. In fact,
when the forwand shock stans do ineract with the inner dense
shell, the s-axis boopmes the prefemed dissction of the remnsan
cxpansion amd & increases. The growih of 8 sops shorly afer
the interaction with the inmer shell, and then continues growing
while ineracting with the cuter shell. In Fig. 8, we dentily two
groups of models: those with low and these with high explo-
sion energy. Models with high explosion energy stan o interac
carlier with the dense shell and reach a maxinum degroe of
amymmelny (=23 a1 F= 240y (see Fig. 8 soe alsodop right panel
in Fig. 59 mosdels with low cxplosion eneroy san io interact laer
with the dense shells and seach a maximum de gree of aymme-
iy (=230 & 5= 500 yr (see Fig. #; see also top right panel in
Fig. 3. Maodels with different initial mass of the progenitor star
but with the same explosion enerpy folloy an analogous evolu-
tion, Maore specifically, our simulations show ihat models with
the same explsion encrgy lead o wvery similar gjecta masses
despite differences in the main sequence mass of the progeni-
10 517 I:I.l\. either & or 804 =y BEE Table -'Il Sinoe the l\.:il\.'\."ln'."l
mizss (and nod the main sequence miss of e progeniig siar)
i5 relevant inihe evolution of te remnant for the cases explorad
here, the explosion enerey tums out 1o be the most relevant Factor
in e dynamical evelution of the SWNE. We ako note that med-
els with J'Iil.']'ll\.'.l' '\."'.Flll\.:lh.il\.:ll'l Cnergy eyl on shoner timescales
and reach a lower degroe of mymmetry comparad o those with
Iy cxploaion energy; the tmescale of evolition reflects the
cxpansion velocity of the remnant, which is higher in models
with higher explosion energy. On the other hand, the degree of
mymmelry of the emman depends on both the enerey of the
cxplosion and the density contrast of the shells, The changes in
the degree of asymmetry of the remnant are less evident than
the chamges i the timescale bocause, for the symmeny, & oon-
tral mole & played by the density contrast of the shells, which is
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Fig. & Degree of e ymmetry of the remnam marphakigy, B, versus time
fer the mesdels explored (s Table 1 M0 1Foe (hlad ), MEQ ] Foe
(green), Malk9Foe (hhueh, MEL-12Fwe (red). Incach case, solid lmes
represent medek with Vi = (), and detted lines the anex with Vo =
F0 km sl

the same in all the modek considerad here. Inoany case, mode s
where the other parameters are the same and either with or with-
ol rotation Bllow similar evolution. In the lag phase, the ejecia
continue o expand theeugh the ambient medivm inall directions
while again becoming mose symmeiric. In this phase, the param-
eler B gradually decresses showing the progressive reduction of
the mymmelry. In all cases, the large-scale mosphology of the
SNR retains an imprint or “memony” of the early imeraction of
the remnant with the inhomogenoous C5M for almost L0060 yr
{namely the peried covered by our sinulations).

4.2 Mass distmbution i welocity space

HD» instabilities that develop during the imersction of the gjecia
withthe reverse shock determine the mixing of the shock-heaed
cjecta inthe region between the Beward and the reverse shocks,
and thus the distribution of the chemical elements at diffesent
evilution times of the SNE. The mixing between layes of dif-
fierent chemical composition during the ewlution is refecied
in the velocity distributions @ differemt ages of the SNE.
Figures @ and 10 shoew the mass disiributions of selecied ele-
mients in medels MDA 0-1Foe and MD-V0-9Fm, respectively,
viersus the radial velocity, Vo (st columnd, and the velociy
along the Lo8 when the point of view lies either on the y-axis, ¥,
{scopnd colunmm), or on the s-axis, V) (hind columnd, s diffenent
evelution times (incressing from top 1o botiom). Inoall e fig-
wres presented, DM, is the nmass of the dh element in the veloeity
range [v, o+ do], where do = 100 km 57! is the velocity binning,
and M, is the otal mass of the ih element Inthe upper row, we
present the distributions afer the homologous expansion of the
SNE through the stellar wind and immediately before the inter-
action with the innermos ioreidal shell; in the middle mow, we
show the diswibutions afier the interaction with the twoe shelk
when the SNE reaches its maximum degroe of symmelry {see
Fig. &); finally, in the lower row, we plal the diswibutions a1 the
cmd of the simulation.

Before the intersction with the twoe toroidal shells, the mass
diswributions ane similar & those of the initial condition, and ihe
distributions versus Vy and V; are almesd the same {5ee upper sow
in Figs. % and 10). This & a result of the spherically symmewic
initial conditions considened and the homolsgous expansion of

the SME thsough the stellar wind., When ithe renmnant stans
1o interact with the dense shells, he mass diswibutions of the
species wersus the LoS velecity is different if the point of view
lies on the y or on the ; axi. In the first case, the species
can reach a maximum velocity which & significantly smaller
than in the secomd case bocause of the slewdown of the gjecta
caused by the ineraction with the shells. IT the point of view
lies on the ¢ axis, the gjecta appear 1o expand faster, with the
i-axk being the preferental direciion of expansion. These dif-
ferences beiwern the mass disgributions wersus Vs and V: oare
miaintaimad also after the interaction with the dense shells (see
Figs. @ and 100, alhough they reduce following the decrease in
the degree of asymmetry of the remnam {se0e Fig, B). We note
that the nwmss distributions versus the LoS velecities V and Vi
are symmelric with respect i the zero velocity. This b due tothe
idealized density distribution of the CSM (in particular the two
nested she lls) adopied here, which is charscterized by cylindrical
symmety aboul the s-axis (see Fig, 2 and Sect. 2,20 An asym-
metry inthe density distribution of the shells would be reflecied
in asymmetric mass disributions versus the LoS welocites ¥
and V.

Ly vl WAGO-Y0- | Fose, mosit chemical elements follow sim-
ilar shapes and are diswibwed in a brosd maximom below
= 10 000 km s~ afier 31 yrof evolution (see upper row in Fig. 9,
immediately before the ineraction with the innermoest dense
shell {see lefi top panel inFig. 3). The excepiions are the unsia-
ble i and **Ni {and their decaying products ¥Ca, ®Co, and
e at lawe evolution times) which follow a namower disiribu-
tion with maximum below <4000 km s~ . However, we noke that
i all the models wilh low ion energy the total masses of
i and ®Ni {and, therefore, their decaying producis) are very
loww i compar ben with lighter element {see Table 2), a5 heavy
elements go primarily o the fallback dusing the collapse of the
star{ Limongi & Chie i 2018). The disiributions of imermediae -
mass and light elemens at velocities larper than = 7000 km s~
have similar shapes with a slope much seeper than in the ini-
tial condition {soon after the shock breakout). The seepening
of their slopes is a sign thai these ejecia have already passed
thsough the reverse shock and their similar shape & a sign of
efficient mixing in the region between the reverse amnd Fforwand
shocks, The gjecta continue their expansion slowed down &
a consequence of their interaction with the dense CSM. Afer
inferacting with both dense shells {see fop right panel inFig. 3},
the external layers of the ¢jecta have a maximum radial velocity
of = 7000 km 5! {see left middle panel in Fig. 9. At this time,
the remnam reachss s maxinwm degree of asymmelry (see
Fig. #) with s preferential direction of expansion along the -
axis, being ¥ < 4000 km s~ forall the species (see central and
right middle panels in Fig. 9. Ad 5 = 473 yr, the reverse shock
starts iy interact with the intemal lawe s of the gjecta with veloc-
itizs lower than =2000 km s~ and finally focuses on the & axis st
£ = 1060 yr. Then, the gjecta comtinue 1o expand inall directions
lwering their degree of mymmery (oo Fjlgs. 3,4 amnd By Adthe
end of the simulation, Ve < 2000 km ™', ¥ < 1500 km 5™,
and V, = 2000 km s-!.

In maosdiel BGD-Y0-9F0:, the mass disiributions vwersos the
velocity are less homogeneous than in models with low explo-
sipn energy. Mos low- and inkemediake-mass clements ane
disiributed in a broad maximum below = 20000 km s~ afer
186 yr of evelution {see upper row in Fig. 100, immediaiely before
the interaction with the innermest dense shell {see left top panel
in Fig. 3). The "N, ¥Ti, and **Ni instead follow a narsower
distribution; in particular, for ¥Ti and ™Ni {and their decay-
ing prosduct) which ase present nminly in the intemal lavess
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Fig. 9. Mazs disribulims af *He, 20 ¥R, 00, e, Mg, =50 2, “Ti, and Wi versus the radial velocity, ¥y (s column), the velcily
along the yeaxs, ¥, (seond colupn ), or the poams, V, (0hind coluan |, for maode] M6V 1 Foe at different evalmion times {increasing fmm kop
for hattam). Tap e mmmedimtely before the mieraction with the immermesit shell. Widdle sowe: ot the maximum degree aof symmetry after the
imeracin with the twa shells. Botiom rone: near the end af the evalulion.

of ejecta, the maxinum velocity of propagation is =500 and
=000 km s~ respectively (see upper row in Fig. 10). In this
case, the similarities shown by moes of the dissibutions of
limy- and intermediate-mass element s velocities larger than
= 16000 km s~ {see upper row in Fig. 100 indicate an efficient
mixing in the megion between the reverse and forwand shocks.
Similarly 1o the case with low explosion energy, the expansion
of the gjecta inthe equatorial plane is slowed down during their
imteraction with the dense CSM, and the remnan reaches ik
LA 2e of symmetny at r= 240 yr {see Fig, 8 and
right wop panc] in Fig. 535 At this time, 1-‘r=.j < 15000 km s,
Vy = R000 km s~ and ¥, < 15000 km s~ {see middle row in
l-‘lg 1) . The meverse shock traveling through the ejecia has nol
vl reached the intemal byers, dominated by HTi and Mi and
their decaying products {see middle sow in Fig. 100 Afier this
imteraction phase, the ¢jecta continue 1o expand inall dirsctions
lmvering their degree of asymmery (see Figs. 5,6, and £). At ithe
end of the simulation, Vi < 3000 km s-1, ¥ < 2000 km 5-',
and V. < 3000 km s~'. We find velocities slightly higher than in
the case with low explocion energy at r= L0000 v, bot in model
MGDA -9, Az = 38 pe {in M&D-YID-1Foe, Az = 24 pe at the
same time) and the renmnant has already reached a low degroe of
asymmelry (see Fig, 8 and botiom right panels in Figs. 3 and 5).
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The mass disributions for the rest of moedels explored
with low and high explosion encrgy ane very similar 1o those
prescnted for mode b MGO-W0-1Fee and MOO-V0-0F0, reapec-
tively, In Fig. LI, we phet the mass disributions versus Vg for
mediels MBI afer the ineraction with the twoe osoidal shells, s
the time they meach their maximum degree of asymmelny (see
Fig. #). Model MEO-Y0-1Foe and MEDA (-1 2Foe presented in
the ke fi pancls of Fig. 1l show very similar disiributions o thoese
prescnted for mode b MGO-W0-1Fee and MOO-V0-0F0, reapec-
tively {see left middle panels in Figs. 9and 10, In the analopous
miedels bt with an iniial rodation velec iy of the siar (see right
panels in Fig. 11, the only difference we obsere is the higher
abundance of "N present in the He oore due to the effect of the
mechanical instabilities induwead by sotation (Limongi & Chielf
LR

3.3. Spatial aistribution and chemical composition of the
gjecia

W explored the chemical evolution ::ul'1]'u_ _r_ma fior the ten dif-

fier eni ?_Lllﬁ- considered in this work (‘He, *C, "N, "0, TNe,

B, P81, *'Ca, YT ®NiL The most abundsnt species in all

the models snalyzed are "0 and '*C {see Table 2). The total



5. Lklamujic e al: Madeling the remnants of corecallapse supermewae from luminous hlue vaniahle stars

AV

-
T TR

WA WIS 4 S H O OHe L ¢ B [l B B [
15 ponire. M. S Cali By 1R st Bl S Ce 71 =9 15 wen— k4 Bl G2~ Fe
-
| TR )
.= E‘rI W F:F'v'"-- .u"'_ o -'_.:'.':x .E “l - i L L B :"- N
ANl I P i e
i il -\.': ._|I'll e '“-.Il“\_": o ..I.-'.""' A I-II b {-"h H:‘}". =
o ! f- ] TR | ! i i A 5 | I x"'\-\.\. "'.I'-, T o
3 -1-\.[.]" L_{__\_\..:: e --+I "'-,r ) I."f v \. = - g 4
I: el ,} A H.lfn' .-"'6 _.:"jr - | ﬂ':b::i-. Rk
i Wy RN
ik . Tt | Eld i 3 e TR T [ TR ‘. x.".i:'.".' i
i 5 i 5 20 Fo| lH i U af =i (4 [ 1= 22
Yo | i ama | P L HETITE ol o R o ol T |
. . - . . . . C 1 r .
WSO = 2 M 2 R AR " M e FdR - A Fu & H 0 b
FEpT S Pz 5 G Te Rl e Mz 8 CeTl = PG oz EMgarn:
z . 124 g
= = i =
" e = &
= —_— z =
J =, h i Ff dr
]
'| =°*J'Il
. ill . 1 I I - T
n . °n PR b ) a EL )
L I HHC KT | Ul o ks
P . . - . i v : r |
TN B X0 M e P BT A T
TR e ks /5 GuTi F =T BGwDars e Do = BTIE pRsrE kg S s Im
- 4 5 2r - = E
= - =
= = -
= II [ i
" =
S 0 3 -ir -Fal | &
| 1
13 i~ i E - I i . J.J i
] 5 10 . 5 hH] i In [ ) a 2 | SN I 11 i-'
W [ Ann na’) Y| U Eemi' ] WA ar s

Fig. M. Same asinFig. 9 bul for mecled RGO (-9 o,

mizas of the ejecta is much lower than the mass of the fallback
imall the mode ks with low explosion enzrgy {see Table 33, Thus,
i all these cases, the masses of the heavies species, namely the
0 and the *Ni {and, therefore, their decaying products) are
viery low (see Table 23, In models with low explosion cneroy,
wiz there fore find guite homopgenoous distributions of low- and
imermediate-masa elements in the ejoecta, with a very residual
presance of heavier elements.

In models with high explosion energy instead, we find a less
homagenoous distribution of chemical ¢lements in the gjecta. In
these cases, the mass of the gjecta is nuch larger than the mass
of the fallback {see Table 3) and a significant amount of 97T
and FNi {and their decaying products) is present inthe internal
layers {soe Table 23 In Fig. 12, we shosw the density distribu-
tion for the ejecta rich in B, 5§, and O for the four modek
with high explesion enerey explored s differemt evolution times
{increasing from wop e botem). Alver the inmteraction with the
two boooidal shells, at f o= 200 yr {soe upper pancls in Fig. 12)
the four distributions show similar characieriatics: the O, dis-
tributied i the extemal lyers of the ¢jecta and already heatod by
the reverse shock, fomms an elongated ructure alng the £ axis;
the 5i {the spherical green surface) B staning & ineract with
the meverse shock (the yellow transparent surface visible in the

5 A this evalution time, almesd all the M hos alreacy decayed in *Fe.

uppeer pamnic |5) and the Rz {the oranpe spherical most intemal sur-
face) B atill unshocked. Dnmode | MEBD-300- 1 2R (s right op
pane] in Fig. 12}, the wal mass of Bz is higher {see Table 2) and
the 5i has already been partially shocked by the reverse shock.
The forward and revierse shocks continu: 10 propasate in oppos-
site directions and after ~ 2000 yvears of evolotion the ejecia sian
1o form & Sivich jet-like swucture along the s-axis in most of
the masdels (see middle panels in Fig. 123, In modie] MB0-Y0-
12Fme, this oocuss laker {4000 vy due s the higher mass of
the ejecta and the slower propagation of the reverse shock (see
Sect, 300 A the end of the simulation, all the models with high
cuplosion encrgy show Ferich inkemal gjocia disributions sur-
rounded by an clongated Si-rich strocture, igel§sursounded by &
mieae diffuse O-rich ejecta {see ower panels in Fig. 120 The Re-
rich intemal structuse is mone extended and e longated in models
hARI.

The disiribution of the material that we wene able 1o observe
inFig. 12 can be very dif ferent die pending on the Lo8 considened.
For instance, when the LoS lies on the equatorial plane {the
plamzy, the cjecta projected in the plane of the sky form a jet-
like sructure rich in Fe and 51 surrounded by a mose diffuse
Orrich material in the exiemal layers, When inegrating along
the saxis insead, the projecied ejecta form a spherical ceniral
struciure with mixed composition surrounded by a mose diffuse
O-rich ring. Finally, in the case of the LoS of G226 (see Fig. 123,
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wie espacl o ohserve a strecture of projected ejecta intermediate
betwee n the two extreme cases described above.

4. Summary and discussion

W imvestigated what the SNE would be like if the LBY can-
didate G2 cxploded as a SM. To this end, we modeled the
cvilution of a LBY exploding as a owe-collapse 5N, starting
immiedizately afer the shock breakout. We then fllowed the tran-
sition from the SN 1o the SMR phase and the inersction of
the remnant with the inhomogeneous pre-SN envinonment fog
= |00 yr and for eight different parent SNe from LBV-like
stars compatible with G226 (see Sect. 220, The SMNE model
differ from each other in terns of explesion energy and ithe
characteristics of the progenitor star {see Table 1), which have
boen selected from the pre-SN moedels imvesigated by Limongi
& Chiie M (2008 ) and preser ibed as initial conditions in this wor.
The pre-S5N cmvironmeant & the same B oall the modelk and &
bered on inframed and radio ohservations of G246 {see Fig. 2).
Oy moade s shosw thoee well-differentiated phases inthe evo-
lution of the remnant: | 1) s expansion through the innermosi
CSM, modeled here as a 77 siellar wind: (2 i ineraction
with the dense CEM chasactermed by two dense tosoidal shells;

AKT, age 14af 18

and {3) the expansion of the remnant theough an almoest wni-
form ambicnt environment. Afer the homoksgous expansion
theough the gellar wind, st r = 1840 yr the forward shock stans
i inderact with the innermoest dense ioroidal shell charaeieriz-
ing the CSM {see Fig. 23, The inmeraction detemines a sirong
slmwdown of the forwand shoeck in the aquaiorial plane, and a
swengihening of the ewerse shock traveling through the gjecta
{aee Figa. 4 and &) . During this phase the s-axis bocomes the pre-
fermed direction of expansion of the blas wave and the remnand
progressive ly beoomes more asymmetric, reaching i masxinum
degres of asymmetry (8 afer the ineraction with the outer most
dense shell {see Fig, #) &t 5 o= 206050 vr. Finally, the rem-
nan continues o expand through the wind while R decresses.
Afer = L0000 yr of evoluwion the ejecta have sloewed down their
cxpansion and they show an elongated shape fooming a beosd
Jet-like gructure with maxinom density along the &axis, which
cutends for =24-38 pe from the center of the cxplosion {see
Figs. 3 and 5). These jet-like structuses ane the relic of the carly
inieraction of the remnant with the nhomogeneous C5M that
wirs aculpled by vielent mass-loss events occusring in the laies
phases of evolition of the progenitor star,

Among the cases cxplosed (see Table 1), there are two classes
of models: thase with low explosion energy {107 erg) and those
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represents the postion af the reverse shock. The areniatxm of the sysdem & the same ax (26 Gee Fig. 2.

with high explocion cneroy (9—12 = 1! ere: soe Fig. 81 The ini-
tial mass of the progenitor and the explosion encrgy detemine
ihe miass, the expansion wekecity, and the chemical composition
of the ejecta. Models with higher explosion emergy evolve on
shoner imescales and reach a lower depgree of ssymmeiny oom-
pared 1o those with low explosion energy. More apecifically, in
ihe lafer maodels, the remnant stans o interact laer with the
diense shells but is more affected by the C5M {which limis the
ejecta mtion in the aquaiesial plane and iriggers astrengihening
of the reverse shock traveling through the ejecta) and reaches a
higher depree of asymmery (see Fig. ). We noie that the explo-
sion ener gy inflwences the tmescale of ewlution mose than the
remnant asymmelry because the timescale reflects the expansion
velocity of the remnant (which is higher for higher explosion
cncrgyl, whikt the symmeliny depends on both the explosion
cmerey and the density contras of the shells, with the laner being
ithe same in all the models. Models with low explosion eneroy

all have a relatively low wial mass of gjecta (<4 M2 & most of

ihee mater ial was previously expelled into the CSM o kst inothe
fallback during the SN event (see Table 3). As a consequence,
the mass of the heavier species (namely **Ti and "*Ni and theis

-

decaying products) is very low inall the mode b with Loy explo-
sion energy (see Table 2. The spatial distribution of the low-
and imerme diaie-mass elements 5 quite uniform in all the med-
els with low explosion energy, with PC and "0 being the mos
ahundamt from the species considered. All the models show an
efficient mixing in the region between the reverse and forwand
shocks {see Fig, 9. The only difference we ohserve between
aalopos models cither with or withowt raation is the higher
abundance of “N present in the He core due o the effect of
mechanical instabilities indweed by modation in the models with
Vi = 300 km 5~ {see I'il.'. 11! s sl Lill.'h.:llll.'i & Chie i 2018).

I the medek with high explosion energy, the expansion of
ihe ejecta in the we-plane is also slowed down due o the inder-
aciion with the dense shells but this effect is less pronoumnead
than in models with low explsion energy. As a consaquendce,
the degree of symmetry reached in these models is lower

{REe Hl.'.-!‘!_l ad the everse shock mefocuses at later times {see
Fig. 53 The maosdels with high explosion energy show a higher
miss of ejecta and a less homopeneous chemical disty ibution of
cjecta than the models with low explosion emergy, After =2000—
A0 yr of evolotion, the reverse shock siaris to ineract with the
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imnermisl layers of ¢jecta, foming a Si-rich jet-like struciure
aleng the saxis. Al the end of the simulation (5= 1000 yr),
all the medek with high explosion energy show Ferich indernal
clecta distributions sursounded by an elongated Si-rich structure,
inself surrpunded by more diffuse O-rich gjecta {see lower pan-
ek in Fig. 120 The Ferich inemal structure is mone exiemdad
and clongated inmode ks MBI, namely those with 80 M- on the
ZAME. We stresa hene that these elongated featuses originate
from the inersction of the rennant with the inhomogensous
ambien medium and do not reflect large scale ssymmetices lefi
from the earlies phases of the SN explosion and in some cases
developad from stochastic processes {oomective ovenurn and
ihe standing accretion shock insability) during the st sec-
onds of the SN blast e.g., Wongwathanaral et al, 2005, 2007).
In all the cases examined, we thenefore found that the rem-
nant merphelogy reains an impeint o “memery” of the early
imteraction of the remnant with the inhomogenocous CSM {ithe
shells), even thousands of years aler the SN, In other wonds, the
effect of mass-loss event eccurring in the latest phases of the
progeniier star evelution could siill be enceded in the symme-
iries of renmnants up to 10000 yr old {the time covered by ous
simmilations).

In the present sudy, we examined the characterisiics of rem-
nants of core-collapse SMe from LBY sars, which show asirong
interaction with their CSM. Given the complex sructure and
high density of the CSM around LBV, the characieristics of the
CEM where a LBV poes SN play & fundamental roke in deter-
miiming the ries of its remnant. Fiking the strocwre of the
CEM consitently with that infemed from observations of G246,
we find a common morpholegy of the SNR for all the rogen-
iters and explosion encrgics explosed: elengated ejecta with an
indernal jei-like sructure, which is the resull of the ineraciion
with the highly inhomegen: ous CSM.

I is worth emphasizing that we adeped the LBY candidate
G226 s aempliie because the siruciure and density disiribution
of the massive nebula in which the star i located are well charac-
terized by observations (see Umana ¢ al. 20027, This allowed us
i define an idealized goometry for the dense CSM of G246 {see
Fig. 2, consiting of twe axially symmetric shells, each with
=10 M. As expected, the two dense shells play a central rok in
maodifying the expansion of the forward shock and in driving a
reflecied shock through the ejecta. Howewer, the CSM straciure
adopied here is specific o G265, bui a wide ange of masses and
differemt geometries may characterze LBV, With the infiosma-
tien gathered from cur sinulations, we now know what i expect
ifthe mass of the shelk or the geometry of the CSM are diffenent
from those of G26. IF we consider the same geometry adopiod
here but mone massive shells, we the frward shock o be
moere aloved down by the interaction with the denser shells, a
stroager reflecied shock driven theough the inemal ejecta, and
a remnant with a mosphelegy that is similar o that feund here
bt with a higher depree of aymmetry, Conversely, if the rem-
nant imeracts with less massive shells, we expect the forward
sheck e expand quickly through the low-density shells, afaines
refeciod shock driven backwand through the ejecta, and a rem-
nant merphelogy with a lower degree of symmetry. As for the
goometry of the CSM, we find that the two axially symmetric
shells characterizing the C5M of G26 lead 10 a booad jet-like
sirciure in the mosphology of the remnant. Thus, we
ihat large-scale inhomoegeneities in the pre-SN CSM, possibly
different from thed sdopied here, may be reflecied in the final
i opy and large-scale mymmetries of the nemnan.

e expect SWNRs from LBY progenitons o be relatively
wipcomumoit, because LEYS ane considened o e br e DNiransitional
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phase in the evolution of the quike rare most massive sas. Nev-
ertheless, there ane a few examples of remnants in the likmaure
show ing mesphologies analegous 1o those modeled here, namely
WD { Dubaer et al. 1998, EMR G009 20006 (Gacnsler e al.
998, SNE Wi (Shelion @ al. 20040, and SKRE 8 147 {Drew
et al. 2005; Gvaramadze 200860, In all teese cases, the remnanis
appear elongaied along a preferential direction of expansion,
and in some cases they present some hints of a jer-like stnuc-
tuse. The merphelegy chasscierized by “ears™ of these SNRs
hes been interpreted by some auhors s the resull of jfer-driven
core-collaipse SN mechanisms {see Grichener & Soker 20073, 1T
that were the case, the remnant could be inflated by jets that
are lunched during the explosion. Here, we show that similar
merphelegies can alse be e d by the interaction of the
reminant with & highly inhomaope neous and dense CEM such &
ihat surrounding LBY s, This could thene e be the case for some
of the remnants cied absowve. The mole of the CSM in shaping the
remnan mws phology was ako recenly investigated by Chioiellis
et al. (2021,

Luminous blue variable siars & explesive iransienis consii-
ke & puzzling and siill pooely under soed category. Acomding
1o o e s, a distinetive propeny of SNe from LBY progen-
iors coukd be the significant fallback of matter soon afer the
oore-collapse, especially for those with a Jow-energy explosion.
This implies the fomation of a Black hole instead of a newtron
siar. Inihis case, we do nol expect the SNEs from LBY progeni-
toas 1o nodmally host a detectable compact object {a neulson star)
intheir inkerior. LBYS are also exiremely inkereding SN progen-
iors because of the srong interaction between their gjecta and
the pre-exisling slower and dense CSM. In this work, the pre-
existing C8M is described follewing the two-shell environment
identified ino G206 by Unnana et al. (2012, which in turn is & sim-
plified vession of the CSM expecied in a LBY explading star.
Considering a mose realisic deseripion of the star wind and the
CEM close o the progeniior in future modek could acooumt fior
the high luminosities ohaerved during the early phases of Type
[ SMe {aee Smith 200 7).

The ineraciion of the blat wave with the dense shells can
alse have imporiant consequences fior the acceleration of cos-
miic rays ({CRs). During the interaction, the remnant can bocome
a sirong y-ray source and may provide evidence for hadronic
acocleration of CRs (Bykov etal. 2018 Furthermore, these rem-
nanis can be faciodes of very energetic paricles possibly up to
Pe energies. These very energetic particles are ohserved in the
galactic CR specirom bul are nol inferred from observations of
SWBa. As the blast wave from the SKe of LBVs B very ener-
getic during the first docade s of evslution of the remnant, it oould
bz pessible that PeY particles are produced in the ineraction of
the remnant with the dense shelk {e.g., Zirakashvili & Puskin
201&). In this case, we again expect y-rays that could be detected
with cusrent and fuure instruments e.g., the Cherenkov Tele-
sonpe Array ). 5ell-consisient modek such as those analyzed here
could allow us o disentangle the effects of ineraction of the
remnant with an inhomogeneous CSM from those of the stnuc-
tuse of the progeniier siar. This could shed some light on the
lasa s of evolution of masaive stars and on the link bebwe cn
LEVs and Type Lin/lll SMe, which remains weak.
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Appendix A: Online movies

— Muowle 1@ Density distribution for the ejecta of the model
MG0-Y -1 Boe. The opaque imegular isosurface oo
e & value of density which is &t 1% of the peak density
with one quadrant cul in order 1o 5oz the radial distribution.
The semi-iransparent surface marks the position of the fos-
ward sheck: the initally wroidal semi-iranspasent sineciuses
inred and cyan colors fepresent the inner and outer shells in
the CSM, respectively. The syslem & oriented as G206, oor-
responding to the rotation angles iy = 30°, iy = 30°,1; = 2§
about the x, g, and 7 axes, respeciively.

— Muowle 2: Same & in Movie | but for the coloss giving the
radial velocity in units of 1000 km =" on the isosurface.

— Movle 3: SBame & in Movie | but for model MGSO-Y0-0Foe.

— Muowle 4: Same a5 in Movie 3 but for the coloss giving the
radial velocity in units of L0000 km s—! on the isosurface .
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