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Abstract

The subject of research of the current Thesis, was the reconstruction -for the first time- of
the three dimensional (3D) Morpho-kinematic (MK) modeling of a Supernova Remnant (SNR). The
innovation of this project lies in the fact that, for the first time, high resolution observational
data in imaging and spectroscopy were used for the creation of a model that would reproduce
both the morphology and the kinematic field of a Supernova Remnant.

SNRs are these very beautiful and also complicated nebulae that remain after the massive
explosion (Supernova) of certain types of stars. Their gaseous debris carry information about
the properties of the progenitor star, and also manifest the attributes of the ambient circum-
stellar (CSM)/ interstellar (ISM) medium. Therefore, SNRs are an ideal “laboratory” for probing
the aftermaths of certain types of stars and their environment, and subsequently, to deeper
understand the stellar evolution mechanisms and to decode an interstellar region.

With respect to their morphology, although there are cases of spherically symmetric SNRs,
however -traditionally- they illustrate a wide range of complex structures. Any deviation from
symmetry implies inhomogeneity in the initial explosion conditions and/or in the CSM/ISM
medium in the vicinity of the SNR. This is depicted in the velocity field of the remnant as well,
as different parts of it may expand at different velocities, depending on the environment they
encounter during their expansion.

In order to study the morphology of a SNR, we obtain telescope images. However, the
fact that these images are two-dimensional (2D), is a physical restriction that prevents us from
having an overall perspective of the object under study. Therefore, in order to surmount this
obstacle and to obtain the now missing information in the 3rd dimension, we create 3D models
of the objects. The information in the 3rd dimension that a 3D modeling provide us with,
renders the 3D visualization of an object a very powerful tool in the field of investigation.

In particular, a 3D Morpho-kinematic model presents i) the structure of the object and ii)
its velocity field, both in three dimensions. It is a time- and distance-independent model, that
presents the object at the time of its observation. Through this model, the object “reveals” itself
and from the derived information we can trace back to the explosion conditions and obtain
indirect evidences for the vicinity of the SNR.

For the modeling we employed the astronomical software SHAPE, in which imaging and
spectroscopic data are used for the reconstruction of the 3D modeling. SHAPE is already
established in the field of Planetary Nebulae (PNe), where many important projects have been
performed by its use. However, it had never been applied in a SNR before, due to the high

degree of complexity that SNRs present (both in morphology and kinematics), and due to the



large amount of observational data needed for the full covering of extended objects like SNRs.
This is why, for the needs of code-learning, | first applied SHAPE code in the case of the
Planetary Nebula Hb4, which was already under study.

Hb4 shows an unusual kinematic behaviour as, its expelled bipolar outflows decelerate as
they recede from the central star. The model helped us to clarify the nature and the morphology
of these outflows and to investigate their kinematics. Furthermore, the model revealed the
periodicity in the ejection of the outflows, while it also gave us clues about the characteristics
of the progenitor star, and the conditions of the local ISM. The results were published in Derlopa
et al. 2019, and are described in Chapter 4.

After the modeling of Hb4 and having obtained experience in SHAPE, I proceeded to the
much more complicated case of the modeling of a SNR, which is the first 3D Morpho-kinematic
model of a SNR ever created.

The selected object was the SNR VRO 42.05.01. It is a remnant of great scientific interest,
whose peculiar morphology indicates a very active evolutionary history. The physical results
that the model gave, contributed a lot to a more thorough interpretation of the observational
data. For example, the model revealed a third component in the structure of VRO that was
not obvious in the 2D data, along with the regions of two shock break-outs. The results were
published in Derlopa et al. 2020, and are described in Chapter 5.

Finally, it is worth mentioning that the results of a 3D MK model can be used as input
information for the creation of Hydrodynamical (HD) models too. This has already been tested
in the case of VRO, where the MK and the HD models acted complimentary for the interpretation
of VRO properties and evolutionary history.

Completing the 3D MK modeling of VRO and having in mind the very important physical
results deduced from the model, we can argue that a new, valuable tool to the methods of
probing SNRs has been added. Since morphology and kinematics are indissolubly linked to
each other, it was showed that such a 3D visualisation can contribute to the decoding of the
complexity of SNRs both in their shape and their velocity field. This opens the way for a more
thorough investigation of these very interesting and complicated objects, the probing of which

contributes to the understanding of stellar evolution.
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[eplindm

To avtixeiuevo €peuvac Tng napovoug Aldaxtopixnc dlatelPhc, etvar 1 Snulovpyia To) TpGTOL TELo-
ddototou (3A) Mopgoxwvnuatixot (MK) povtéhou evie Trokelpportog Yrepxavogavoic Aotépoc
(YTA). H mpwrtoturio QTG TNG ERYACTAG EYXEITOL GTO OTL Yol TEMTN Popd, LYMANG avdAucTg EOVES
%o PAGUOTOL Y ETOWOTOLOUVTOL YLOL TNV OVOTORaY Y1) TS Hoppoloyiog xou Tng xvnuatixic evog TTA.
H epyoaotio oauty| Atay bradtepa amontntixnd Aoy TNe TOAUTAOXOTNTAS TG LOPQOROY g TOU UTO UEAETT
OVTIXEWEVOU, XoMC XAl TV BLUPOPETIXMY TUYUTATWY TV UTOTEQLOY WY TOU, OTWS avohuTxd Jo
TUPOUCLAC TEL TUPAUXATW.

-Tt etvor oo TTA xou yroti to yeAetolye:

To TTA elvar exelvo ta TOAD Suop@o aAAE TAHUTOYEOVA TEQITAOXA VEPEADUOTO TOU OTOUEVOUY
UETE TNV XATACTEOPLXT EXENET AOTEQWY CUYXEXPWEVKY TOTIWY, 0L 0To{oL 0VOUALOVTOL TROYEVVHTORES
aotépec. H éxpnén auth onuotodotel tov "ddvato” (Supernova explosion) tou acteplol xau eivou
™S TEEEWS TRV 107! erg. O npoyevvhtopac aotépog (ue Bdon to emxpatéoTeEpa LOVTEAX) UTOPEL Vol
etvan 1 ootépt peydne pdlac (M > 8 nhaxée pdlec) mou umd oplouéves cuVITXES XaTappéel LTO
70 (Bdpoc Trg Blag Tou g PapltnTag, 1 Acuxdg Vévog Tou avixel OE BITAG GUOTNHUA AOTEQMY Xl
TEMXOS VioToton plor Yeppomupnvixy Exenin.

Autd o aépror Ypadoporto "xouBahov” TAnpogopiec GYETIXE UE TIC PUOIXEC IBLOTNTES TOL TROYEV-
ViTopo¢ aoTéPog TTou Ta dnoleynoe. Ta vepehdpoata autd dev elivon otatixd, ahhd eehicoovton xa
OLBIBOVTAL OTOV UECOUCTEIXG YWEO AOYW THG 0pUAS TOU TEOGAUUPBAVOLY amd TO XOUA GOX THS op-
ywhc éxpnéne. Koatd tn 8188001 toug auth oAANAETdp00Y UE TO EVO0UGTEXO /X0l TO HEGOUCTEIXO
UAXO, AmOXOAOTTOVTAS ETOL T LOWTEQU YORUXTNELOTIXG TV TEAEUTAUWY (TE.X. ToEOLGTN LOPLAXGY
VEQEAWUATOY, Barduldec oY TUXVOTNTA, OLUXUUAVOELS OE CUYXEVTPWOT] YTUXMY oTOLxsiwv). Emn-
mhéov, to TTA eivon uredduva yia Ty "tpogodooia” 10U pecoacTeixol TEQIBEAROVTOC UE YMUixd
oTouyela, Tor omola Ty UNcaY 0TO ECHTEPXG TOU TEOYEVVATOROS AOTEROS XoU EXTIVAYUNXAY GTOV
OLUC TEIXO YOPO UEcw THG Exenéng. Aedouévou 6Tl Ue Tov Ydvato auTtéd TV AoTERWY aneheuieptvo-
VIO TERGOo IO TOGE EVERYELS, aUTH 1) evépyela ennpedlel Tn duvauxt| looppomior To0 yohoior (1 TAC
TEPLOY NS TOU) Tou PLhoevel autol ToU TOTOL ToL Ao TERLAL.

Amé to mopamdve avtihopPoavouacte 6T, oaxeBog emeldy| T T YA yoovixd avixouy 6To "uetodorvd-
TI0 6Tdd" TV QO TERPWY, ATOTEAOUY TOV GUVBETIXG Xpixo peTald ToU TeAeuTaiou otadiov THg (wihg
EVOC AOTEPOC X TNG OAANAETOEAUCTC TOU UE TO UECOUOTEXO TEPUSHAAOY. JUVETMS, OL TATPOPORIES
TOL UTOPOUNE Vo EEAYOUUE amd auTd Elvol TOAOTYES, OLOTL TEMXMS GUVEIGPEQOUY OTA HOVTEA THG

aoTewne eCENENC.



-Tewodidotatn (3A) poviehonolnon oty Actpoguotxn:

Ou edvee mou hopfdvouye pe ta Tnheoxdma elvon Siodidototes (2A). Autopdtwe autd onuoivel
OTL OV €youue xoplo TAnpogopla yior TNV TELTN OWUOTACT TOU AVTIXELUEVOU TTou UEAETOUUE, ONANOY)
YLoL TN UEELA TOU oL O U Bev ebvon opath). Autd elvon efvan évag QuoIXOE TERLOPLOUOS, 1) dpoT) TOU
omoiou unopetl va emitevy Vel yéoo amd Tr Snuovpyia evoc 3A povTEAOU TOU aVTIXEWEVOU ouUTO.

IIo cuyxexpwéva, éva 3A povtého pnopel vor amoxohider xat” apydc Tuy OV amoxAlcelc and T
ouuueTpla To0 avtixeévou. Autd eivon WLTEPWS ONUAVTIXG, BLOTL OL UCUUUETPIEC OTOLICOHTOTE
PUOEWS (LOPPONOYIXAC, HIVNUATIXNAG, YNUXNC BLIC TEWUETOONS XTA) EUUECH HOOTUPOVY OGUUUETELO
o) aTOV opEYIX6 Unyovioud éxenine f/xon B) oto mepBdihov péoa oto onolo to TYTA elelicoeto
xon BtadideTon. EmnAéov, pe tn dnuiovpyio 100 3A povtélou, unopolv vo anoxohugioly EcWTERIXES
douéc ol omoieg elvon “wdpates’ o pla 2A edva. ‘Eva dhho xhaoixd mpofinua twv 2A edvewy
TOU TAUPVOUPE PE T TNAEOXOTLA, efvon 6TL BeV Yvwpeiloupe TNV xAlon Tol avTixewévou ot oyéor Ue
0 eninedo toU ovpavol (BAémoupe ubvo TNV TEoBolf Tou Tévw oto eninedo ToU oupavol). Me T
onutoupyla evog 3A povtéhou Aotév, UTOROUUE VoL TEQLOPIGOUNE -XAUTA TO BUVATOV- TN YEWUETEIA TOU
AVTIXEWEVOL TOGO GTN) HOPPOIOYIa TOU OGO XAl OTOV TPOCAVATOAGUO Tou. ‘OAeg oL Tapamdvey TATEO-
popleg mou pmopoLY va avtAnoly and éva 3A YovTéLo, CUVELGPEEOLY XATd TOAD OTNY TANEECTERT
EXOVA TOU AVTIXEWMEVOU X0 €V TEAEL OTNV XUADTEQT) EQUNVELN TWV TUEATNENOLUAWY TOU DEDOUEVMV.

-3A Mopgoxwvnuatixy (MK) povtehonoinon:

Yy nopovoa epyacia, to eidog o0 3A poviéhou mou mopouctdleton ovoudletar Mopgpoxi-
vnuatix6.  OuolaoTnd, T0 HOVTENO UTO ATOTUTIMVEL €Vl GTLYULOTUTO TOU avTixelpévou (Smh. Sev
Topouctdlel Ty e&EMEN Tou GTO YEOVO) XalL vVOmopdyEL 1) HOPPOIOYIa TOU Xa TO TEBlO TaYUTHTWY
TOU OTIC TPELC OLOC TACELS.

[o v mparypatomoinoT auTtod TOU LOVTEAOU YENOWOTOW|CUUE TOV doTeovouxd x@oixa SHAPE
(Steften et al. 2011). TTpbxerton yio éva hoyiouxd, 01 TOA) eTTUYNUEVO Xt XAEPWUEVO GTOV TOpEN
v IMovnuixdy Negehoudtwy (IIN), ue tn yeron to0 onolou éyel mopaydel mhridoc dnuoociedoenmv
OYETOVY PE TNV 3A UOVTEAOTOMNOT TNG CUYXEXPWEVNC XATTYORINS AOTEOVOUIXWY AVTIXEWEVOY.

O tpdnog Aertoupyiag Tou unopel va Teprypagel cuvomTixd o Tela BruoTa:

1) ¥to SHAPE yenotponololue 800 eldmy mopatnenotoxd dedouéva: o) pla EtXOVo G GUYXEXPUIEVO
UAXOC XUUATOC TOU VoL OIOTUTIVEL OA1 TN wop@oloyia ToU avtxeévou, ot B) @dopoto uPniig
avdhuone tomou echelle oto Blo pixog xdpatoc, and ta onoio e€dyoude Tor AeyOUEVOL BLorypd-
uata Oéone-Tayvtntac (OT). And to Srypdpporta autd AaufBdvouue TV xivnuatixy TAnpogopia Tou
YeEW{OUACTE YLol TO HOVTERD, xo}OTL o BIVOLY TNV TayUTNTA XoTd urxog The evdelog opdoews Tng
TEPLOY IS TOU OVTIXEWEVOL OTIOU EYOUUE TUQREL PACUAL.

2) Ytn ouvéyew, yenotponowdvtag ta epyareior o0 SHAPE Eexavdue pe tn Snuovpyla wog 3A

doufc o€ wop@n TAEYUATOC, 1 oTola Vo efvon xatd To SuVaToV Guota Pe T Bopr| tou BAénoupe oty 2A
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Topotnenotoxy exova. Me Bdon autd 1o 3A mhéypa, To SHAPE Snutoupyel 1o avtictoryo ocuvietind
odrypoppo ©T mou avTioTotyel OF Uior CUYXEXPUIEV TIERLOY Y| TOU AVTIXELUEVOL TOU €Y OUUE ETLAEEEL.
3) Agov éyouue avomopdyel GE TEMOTN PAoT ToL CLUVIETIXE BESOUEVL OE LoPPONOYIa Xat XivaTiXY,
0 0TOY0¢ TWEA Vol Var ETTUYOUUE TNV XAAOTERT BUVATH CUPPOVIA HETUE)D TV CUVIETIXOY X0 TWY
TORUTNENOLOXOY BEBOPEVELY. AUTO TO EMITUYYAVOUNUE YENOYOTOWOVTAS Wio OElpd and epyaheior TOU
o mopéyet 1o SHAPE xou ovoudlovtar Tpormomomtéc (Modifiers). Me touc Tpomonowmntéc unopolye
v emAEEouE Xon VoL HETOBIANOUPE QPUOKES TToPAUETEOUE TOU HOVTEAOU (TT.y. ToryUTnTaL, TUXVOTNTa,
oxOVN (TA) 0ARG o YEWUETEIXES (T.Y. oy Ao Bouhc, XhoT, Tpocavatohoud xTh). Luveyiloupe vo
TPOTIOTOLOUNE XATIAANAAL TIC TUPUUETEOUC AUTES, CLYXEIVOVTAC TEVTH TO AMOTEAEGUO TOU LOVTEAOU
UE To MapaTnenotoxd dedouéva o edva xou dorypduuoata OT. Téhog, xatalfyouue oc exelvo To

HOVTEAO TIOU QVATUEAYEL TUO TUOTY TG TOURATNEYOELS, XOL TAUTOYPOVA EXEL PUOIXO VOT|UOL.

Iapbho mou 1o hoylouxd SHAPE etvar evpéwe dadedopévo otov topéa towv [Thavntixdy Nege-
AOUATOY, 001600 ToTé dev elye epappociel otny mepintwon evog TTA uéypl otyuric. O mpwtog
Aoyog ebvon ot ouviioe ta TTA elvan mohd extevéotepa avielueva oe oyéon pe o IIN. Autd
ornuotvel 6Tl amonte{ton UEYAAOC OYXOC TURATNENOLOXWY DEDOUEVLV TEOXEWEVOU VoL xohupUel OAN 1)
TEPLOY T} TOUG, ELOIXE OTO XOUUATL TWV PUCUUTOCKOTUXGY TUPATNENCEWY. Emmhéoy, ol avouoloyeveleg
mou o TTA cuvtwe Topouctdlouy 1660 GTN Lop@ORoYio TOUS 6C0 X0t OTNY XIVNUATIXY TOUS, ELval
évag emmhéov mopdyovTag duoxohiog yio TV 3A povielonolnoct| Touc.

Mot Toug Adyoug awtole, e Tpoywenow anculelac otny povielonoinon evoc TYA, towmto e@rie-
Hooa Tov x)Hdwa otny tepintworn tou [Thavntixod Negehduatoc Hb4, to onolo #o1 Aoy untd uerén.
Metd v ohoxhfpwon autic Tng epyasiag, To anoTeAéopata TNE omolag dnuoctevdnxay 1o €yxpeLto
emotnUovixd meptodind MNRAS (Derlopa et al. 2019), xou éyovtoc anoxtioer Ty omoutoluevrn ey-
mewplo oty egapuoyr To0 SHAPE, npoywenoa otnv -xotd moAd mohumhoxdtepn- mepintwmorn tou 3A
wovtélou tol wiutépwe mepimhoxou TYA VRO 42.05.01 (Derlopa et al. 2020) ¥tn cuvéyelo

TopouctdlovTal SLadoY XS T MOVTERN XOL YLoL ToL B0 oUT AV TIXE(UEVOL.

IDhovnuxd Negéoua Hb4:

Yy Ewx. 3.1, oek. 107 gaiveton n edva tou 1IN and to Hubble Space Telescope - HST. ‘Onewc
UTOPOUUE Vo OOUUE, amOTEAELTAL amtd EVA VEPEAWUN TO OTolo TEQIBAAAEL TOV XEVTPIXO AOTEQY, EVE
exotépwiey oauToU oL VEgERGUaTOC Staxpivoupe éva Lebyog expowy (bipolar outflows). Lougwva
ue ™ Yewplo g e&éhing Ttowv TIN, 10 vegélmyo autd eivor ouctaoTind Tor EEWTEPXE OTEOUTA
NG ATUOCHOLEOS TOU aoTERX, To omolo 0 acTépag améBaie xotd To téhoc tne AGB @done Tou.
TN oLVEYEL, TO VEQEAWUA aUTO LOVIETOL AOYW TWV UTEPLOOWY POTOVILY TOU EXTEUTOVTOL AT6

TOV XEVTPXO OCTEQQL.
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LYETIHG UE TIC EXQOES TIOU OVOPEQOE, TO YUPUXTNELOTIXG TOUG Efval OTL, eV apyLxd elyay yopa-
xtnetoTel cav jets, mou onuaiver 6Tt Yo TepuUEVaPE Vo Exouy eviada Tay OTNTA G O TOUG TNV EXTIOT),
©®OTOCO TO Qdoua Toug EBEEe OTL 0TO EOWTERIXG Toug LTEYE Bordulda ToybtnToc. o Ty axpelfBeta,
To UERT TV jets mou elvon O XOVTE GTOV ACTEPA XIVOUVTOL TO YRV YOPX O OYECT| UE TU TO UTO-
HOEUOUEVE 0o TOV 0o TERA. AUTH 1) LBLUTEROTNTA HTOY TO XVNTEO YOS Yol VO TROY WEHOOLUE 6NV 3A
HovTEAOTOINGT ALUTOY TOU UVTIXEWEVOU, UE OXOTO TNV ATOCAPNVIOT) TNG POOTE Xl TN LopQOhoYiag
QUTOV TOV EXPOMOV, xaOS ot TEEATERE UEAETN TNG XWVNUAUTIXAG TOUC CUUTERLPORAS.

To mopatnenotoxd dedopéva mou yenowonotiouue oto SHAPE eivan o) eixéva amd 1o HST oty
IN II] yeopun exmounic (BA. Ewc. 3.1, oeh. 107), xau B) udniric avdiuvong echelle gdoua, eniong
oty [N I} yeopun (BA. Ewx. 3.3 oek. 109). IHpoxewévou va optodethoouue -xatd To duvatdv- tny
%xtedVUVOT TNG EXTIOUTAC TOVY EXPOMY, TEOTA EEXWVACUUE UE TNV Hoviehonoinom Tou tépou to0 IIN,
(OOTE VoL TOV £YOUUE Gay OTUElD avapopdc.

To tehixd povtého nopouctdleton otny Eu. 4.2, oek. 128. Xe autd, n unie énherdr elvon o t6pog
o0 IThavnTino0, 1 moptoxahl yeouur etvor wio eudeior xdetn oto eninedo Tou tépou, Ve 1o (evyog
WV EXPOWY ebval YovTelomolnuévo exatépwiey Tou tépou. To amoteléopata 100 Hoviélou elvor T
eZhc:

- LyeTd Ye TN QUOT TWV EXPOWY, XUTOAALIUUE GTO OTL OEV TPOXELTOL Yo EVIAUES DOUES jets, ahhd
Yo OUAdES 0EpltY cLToLUATOUATKY oL ovoudlovta knots. Yto SHAPE ta knots povtelonotiinxay
oav Uxpég ogaipeg, omwe gatvetar xon oty Ewe. 4.2, T xadepla and autée g ogaipec Perirape
™V Ty OTNTo EXTOEEVOCTC TNG, TNV ATOOTAUCT) TNE AT TOV XEVIPIXO Ao TERN, XS XAl TNV XIVNUATIXT
™S N (Yeovixd Bdo T amd TN oTiyPh ThC EXTOZEUoNS THS U€YEL Vo QTACEL GTO OTUElo TOU TNV
Topatneolue THpa). Ot (Blec mapdueTpol UToAOYIoTXOY X0t Yiol TOV THEO.

- Me Bdon to povtého, ta knots Sev exméuginxoy xatd tuyoio tpémo, odAd xatd Leuydpla
exotépwiey tou xevtpxol aotépo. T v axpifela, xou e Bdon v avéiuon (resolution) tng
EOVoC Xt Tou Qdopotog, Berxaue téooepa (euydpla knots. Xto povtého, to knots mou avixouv
oo Bto Ceuydpl mapouctdlovTon Ye TO (Blo yp®ud.

- [Swodtepou evdlagpépovTog etval 1) TEELOBLXOTNTA TOU ToEoUGLECouy Ta (euydplar auTd: EXTEUTOVTOL
repinou xdde 200-250 ypdvia. Eniong, avagopind pe tn ywvio extéEeuotc Toug, auth| dev elvan xddetn
070 eninedo T00 TéPoL, AhAd TaPOUGLACEL Uil amoOXALoT, ~5 Uolpeg. Autéd umopel va €yel mpoxhniel
Ao TEPLOTEOPY| TOU XEVTEIXOU acTepa ToU TThavnTinou.

- H emBpdduvorn nou napouscidlouy ta knots xatd TNV ATOUAXPUYGT TOUG AT TOV XEVTEXO A0 TERX
ebvon OvTwg UToEXTY, xou TaEoLGLdleTal oTo dtdypauua oty Ew. 4.6, oeh. 131. Ilpdypott, ta o
amopoxpuopéva Levydpto knots xvodvtar o 0pyd 6e Y€ UE To XOVTIVOTERX GTOV XEVTEIXO UG TERO.
Auté uropel va amodolet oe pio tapovota Poduidas muxvotnTag otny teploy | ToU IThavntixoU, n onoia

TpOXGAEGE AT TNV ETBEAOUVOT).
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- YYeTXE UE TOV T6p0, 1 ToyOTNTA SLUCTOAAC TOU GUUQVA PE To wovtého (~14 km/sec) eivou
OUMPOVN UE TIC ToyLTNTES TOPOEW®Y douwy ot IThavntind Negehopota and 1 BidAoypapio, ota
omola 6uwe 0 xevipinoc aotépag eivor "tomou Wolf-Rayet" ((WR]). Autéd Sev onuaiver ot éyer tn palo
mou €youv ot xhaotxoi Wolf-Rayet actépec, ahhd 6Tt uévo to (PAoUO TOU CUPPOVEL UE auTH EVOC
Wolf-Rayet actépa.

- Emiéov, 1 dimohury expor udlag mou moapouctdlet 1o [Mhovntind, etvan woyuer| €voelln dimohxo0
CUCTAUATOC AOTEPWY OTO E0WTEPO Tou. Me [Bdom 1o mapamdve, unopolue vo Tolue 6Tl 0 Evag EX
TV 000 aoTEPWY TOU cUCTAUATOS awToL, mhavov va etvar [WR].

- ITpotewvbuevo poviéro yio 1o IMhovnuxd Negéhwua Hb4:

To 3A Mopgoxwvnuotixd yovtého to0 IIN Hb4 armoxdhue tn poppohoyia xon Ty xivnuatixr twyv
OLTONX(MY TOU EXPOMY, TOU ATAY X0 OO TOUG apYIX0OUE GTOYOUS AUTHS NG EpYaciag, ahhd emTAEoy
€0(OE TOAD ONUAVTIXG AMOTEAEGUOTA TOU GUVELCQEROLY GTNY TERLYRUPT BaciX®Y TOU YoeaxTNEL-
otxav. Me Bdon 1o anoteréopata Tou 3A povTEAOU AoV, TO GEVIELO TIOU TEOTEVOUUE Yla TNV
EQUNVELDL TWV PUOIXY YUEAXTNELO TLXWY TOU AVTIXEWEVOL QUTOU, Evor OTL TEOXELTOL YLd EVOLY TEQLO TRE-
pouevo aotépa tumou Wolf-Rayet, o omoloc exnéunel knots exotépwidev tou xevipxol tou actépa
ue meplodo  200-250 ypowio. Iapduotog unyoviouog €yer mpotadel yia tor IThavntind Negeldpora
NGC 6778 xau Fleming 1, ota onolo éyouv mapotnenldel “aunulwuéves eXpOEC amd GUVEYOUEVY

exmounn knots".

Trohewpa Treprawvogavoig Actépa: VRO 42.05.01

To yoahaZlaxd TTA VRO 42.05.01, ¥ amhd VRO oe cuvtopoypagio, etvon €va avtixeipevo mou,
Aoy TNe Wiadtepng Hopgoloyiog Tou, €yel TRafNiEeL TO EVOLUPEQOY THE ETUO TNUOVIXTC XOWOTNTOG EOW
xou Tohhég Bexoetieg. ‘Onwg gabvetoan oty Ew. 5.2, oeh. 145, amoteleltan and 600 Poacixés douéc:
o) pior oyedov ogouptxry mou ovoudleton “shell”, xou B) plo mo emunxupévn/toloedh) Tou ovoudleton
"wing". Ta povtéla tou éyouv npotadel yio Ty epunvela the popporoyiag tou (Landecker et al. 1982,
Pineault et al. 1987, Arias et al. 2018,2019) otnpilovtor oto B0 cevdplo (eZaipeon anoterel to
oevéplo yioe 1o VRO mou €yer mpotodel and tov AAéCavdpo XiwTtéAAr, xou mou mapouotdleton Ee-
YOELOTE ToEaXdTw).  D0OUQoVo Ue auTO, 1) EXENETN TOU TPOYEVVATOPOS 00TEROC GUVEREL XOVTY GTO
Opto 800 TEPLOY WV BLPORETIXOY TLXVOTATWY. To Yépoc ol exTvaydévtog -Aoyw tNne Expening-
UAX0U Sladdtnre otny teployn udminc TuxvotTntag Snuovpymvtag to "shell”, v to undhoito exti-
VoY 9€v LAG BLladdUne GTNV TERLOY T YUUNANG TUXVOTNTUG ONUIOVEYHOVTUS £TCL TO "wing". Tlapbio
TOL WTO TO TPOTEWOUEVO GEVAPLO TAV AMOBEXTO Yl v amd 30 yedvid, woTdco €yl To Pacind
UELOVEXTNUO OTL amatTel TOAD GLUYXEXPUEVES oUVITXES TuXVOTNTaC 6Ty TEploy Y| To0 TTA. Emniéov
olugwvo Ue TN dnuoacicuon ¢ Arias et al. 2019, dev undpyel Tétola €VOeln Blapopds TUXVOTNTAS

otov mepddArovTa yweo to0 VRO. Yuvenng, unhoye n avdyxn yia €vo xouvolplo Jovtélo Tou va
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e&nyel emaEXOS Ta YUEAXTNEIC TXA AUTOU TOL avTIXEWEVOL. AUTO axeB®S HToy To XIVNTEO UG WOTE
Vol ETAECOUUE TO GUYXEXQWEVO avTixeluevo Yl T Snuovpyia To0 tpdTou 3A Mopgoxvnuatixol
uovtélou evoc TTA.

To mopatnenotaxd dedouévo mou amoxtiinxay yioo Ty napoloa epyacio, NIV o) EIXOVEC €u-
eéwe mediov ota @idtea Ho, [O III] xou [N II] (BA. Ewc. 5.2, oeh. 145) ov onolec mdpdnxav oo
Aote-pooxoneio 1ol Exivoxo (Keht). Emnhéov, mipoue exdvec udgmhnc avdhuone and to Actep-
ooxotelo 100 XeApoU Ue To TAEoxOTIO "Apic Topy o, UE GXOTO VoL BOUUE GE PEYORDTERT AeTTOUERELX
TIC vnuatoedelc Bouéc mou elvan yopoxtneloTixés o0 avtxewévou (BA. Ew. 5.3, oeh. 146). B)
echelle @dopata vhnihc avdhuone. To @dopata tdednxay oto Actepooxoncio San Pedro Martir
oto Medwo, ypnowomowwtag tov gaouotoyedgo MES-SPM. ‘Onwc e&nyfoaue mopandvew, omd o
pdopata e&dyoupe T dtorypduuata Oéong-Taybtntag, o onola ot CUVEYEL YENOWOTOWUUE OTO
SHAPE. ¥tnv Eux. 5.5, oeh. 148, moapoucidleton to VRO pall ue tig $éoeic dmou €youpe mdpet @pdoua
(UTAe xou xOXXWVES YPoMES), Xxadde xon To Sidypauua Ofone-Toyldtntac tou avuototyel oe xdie
Véom. Biémouye otL €xel xohuglel oyedov ohn 1 mepoyh) o0 VRO ue gdouata, mou ornuaiver ot
€y oupE xavnuatixr| ThAnpogopia Yo xadeuio teptoy | mou BAETOUUE GTNY EOVAL.

To véa moapoatnenotaxd oautd dedopéva yenotuonotinxay oto hoylouxd SHAPE axoloudovrag
™V (Bl dradwasio Tou e€nyinxe Topoamdve yia T Aettovpyia tod SHAPE. O emiiéov duoxolieg yia
TNV LOVIEAOTIOMOT oUTOU TOU AVTIXEWEVOU, HTAY ) 1) AOUPKETEI TOL TopoUatdlel GTo oy fua To,
xou B) T0 yEYOVOC OTL €MpETE VoL UTAREEL TAUTOYEOVY GUUPLYVID X0t TwV 26 GUVIETIXDY Blory PoUUETOV
OT 1ol SHAPE pe ta nopatnenoctaxd dwrypeduupato OT. Ipdyuatt, 1 oupgwvie auty| emitelydnxe
OEXETA txavoToinTXd, xan Tapouctdletar oty Euc. 5.8, oeh. 152. To yeyovog autd, oe cuvduaoud
UE TNV poppoloyt| amexoviorn tou VRO, motonotel tny eyxupdtnta Tou 3A auto) yoviélou.

To tehxd yovtého mapovotdleton otny Eix. 5.6, oeh. 149, xou tor amoteAéoporta ebvon tor e€HC:

- 'Oho 10 TTA éyel pla xhion ~3-5 yolpeg o oyéon pe To eninedo Tou oupovoD.

- H 8e&id pepid 100 "wing" etvan yepuévn oe oyéon pe v oplotepy|. Autd uropel vo anodolel oe
oAAnhenidpoon autol ToU uépoug Tol "wing" e %dmo0 TUXVOTERO UEGOUTTEIXG LAXO.

- H toy0tnta 6hou 1ol ouothuatog eivan -17 km/sec, xou eivon pixpdtepn oe oyéon pe v i
-34 nou diveton ot dnuoaieuon tou Landecker et al. 1989.

- Ext6c¢ and 1o "shell” xau to "wing", 1o povtého €deile v mopovaia xau plag tpltne dophc mou
v ovopdoape "hat". H Sour ot gaiveton vor tpoeZéyet and 1o xdtw pépog ol "wing", xou eniong
€yeL dlopopeTixt| Toy TNt amd To umtdhotno "wing", émwe Vo BoUUE oéonws THEOL.

- Avogopxd, howndy, Ue g tayvtnteg dddoone tol xdle tuiuatog, Berxoue 6t ta "shell” xou
"wing" €youv v Bl TayvTTor ~115 km/sec, eved to "hat" Swdidetan pe toydtnTor ~90 km/sec.
Qot600, 10 Tdve pépoc tol "shell" mopoucidler peyakitepn ToydTTa o oyéon pe To UTOAOLTO

"shell", ~155 km/sec, nou eivar xar 1 peyahitepn dhouv tou VRO. Autéd 1o xoupdtt eivon 1 mpdotvn
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Teploy ) mou gotveton oty Ewe. 5.6, oed. 149. Ynv (B etxdva, T podpa BEADa avamaptoTouy T
dovoopoTa Ty OTNTHG oTIG 600 auTég oYEdOY dlaueTexés Teployés Tou VRO, dnAady| otny mpdotvn
neptoyn xar oto 'hat". Qc mpog TV @uoxr onuoocic oUTOY TOU ATOTEAEOUATOS, TRPOTEVOUNE OTL
otic 800 autég MepLoyéc, autd Tou BAémoupe mdoavév vo eivor 800 xUuata cox (shock break-outs).
H dmom autr evioyleton and 10 xouvolplo Gevdplo mou Teotdinxe amd tov AAEEavopo XiwTEAAN
oyetxd ye v e€ehxtixr nopeior Tob VRO (Chiotellis et al. 2019), xat nov emfBefarcydnxe and
o amoteréopato Tou 2A Tdpoduvoutxol povtéhou (TA) mou €tpele. O héyoc mou unootneilouye
aUTO TO OEVAELO Elvar BLOTL PTOEEL Xa avamaEdyeL TNV Hop@ohoyia autod ToU avTixeévou, Ywelg TNy
Topadoy Y| WkTeRnY Barduidnmy TUXVOTNTIG OTWS GTA GEVAPLY TOU PEYEL TOTE LAY AV.

-2A Topoduvauixd poviého yio to VRO:

Y0ugova ye 1o oevdpto outéd (BA. Ew. 5.13, oeh. 158), o npoyevvitopag aotépag 100 VRO Aoy
EVOL UTEQNYNTXE XIVOUUEVO TEQLOTREPOUEVO AOTEQRL, UE EVTIOVOUC aGTEXOUS AVEUOUS EVIGYUPEVOUG
070 eninedo Tou tonueptvol Tou. O cuvduacuos TC xivnohc Tou auThHC ot TS amofolrc udlac Héow
ACTEIXWY AVEUWY, SNUoveYNoE oTny YVpw Tou meployn pla xohdtnto (wind-cavity) n onofo €yet to
(o1o oyfua pe TNy tepiueteo Tou VRO. 31n ouvéyeia, To aoTtépl e€epdiyel UEGO GE AUTAHY TNV XOLAOTNTA,
xaL TO eEXTVAYUEY UAG BloyDinxe puéoa oe authy, dnuioupy®vTtag To TTA Tou tapatneolus GUEQA.

-20voeor 3A Mopgoxivnuatixol xar 2A T8poduvauixo) LovTéhou:

AopfBdvovtag ut'ody 1o véo autéd cevdplo xodng xou ta aroteréopata Tou 2A TA povtéhou, Yew-
polle 6Tl 0TI 8U0 auTéC BapeTpég Teptoyéc To0 VRO nou avagépaye, €youue 80o shock break-outs
uéoo and TNV xothétnta péoa oty onola dnuovpyinxe to VRO.

A&ilel va onpewwiel twe oty tepintwon tou VRO, 600 povtéha Slopopetinol TOmou Asttolpynoay
CUUTANEOUOTIXG Yol TNV EQUNVELN TV QUOLXMY YORUXTNELOTIXGY AUTOV TOU TOAITAOXOU AVTIXEWEVOU.

- Exnouny [O I} ané to VRO:

ISwitepou evbiagépovtog etvar 1 exouny mou tapouctdlel To VRO otny amoryopeuuévn yoauur o0
ofuybvou (5007A), érec gatvetonw oty Ewe. 5.9, oek. 154. H exmount| autr elvon mohd évtovn oTo
Tévew pépog toU "shell” xadde o oty nepoyh to0 "hat", eved etvan oyeddy avimopxtn oo "wing".
‘Oneg mpoxdTer and Vewpntind povtéha, adld €yel topatnendel xou o toAhd YTTA, ot mepoyée
émou €youe étwno cox (shock front) éyouue xon wyver| exmouny [O I}, xdtt Tou cupgwvel ue
v mpdtact uoag yia shock break-outs otic 8o autéc meptoyéc.

Anuoveyfoope 10 3A MK povtéro 100 VRO oty ypoput exrounrc [O 1], xou eidoye ot pop-
@poloyixd ebvar to (Bto Ye to Yovtéro otny yeauur) Ha. Trdpyel, wotdoo, po uxey| dwpopd oTtny
xwvnuatix. ‘Onee BAémoupe xar otov miivoxor 5.1 oeh. 155, to x4t 6plar Twv T UTHTOY Tou 'wing"
xou tou "hat" oto [O III], cupnintouy pe to dvew dplar Twv TayuThATwY Touc oty Ho yeouuy, omwe
auTég mpoéxuay and o woviého. Méoa oe autd tar dptar ToU GYIAUUTOS AOLTOY, UTOPOUNE Vo VEw-

erjoouUE OTL oL ToyOTNTEG Xt OTIC 000 YEAUUUES elvon TpoxTind oL {Bleg.
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- Oloxhnpwvovtag Ty TEplypapr| The epyaoiac tédve ota 3A Mop@oxivnuotind HovTiEN Tokv
0U0 AVTIXEWEVKY TIOU TUPOUGLAGUUE, XoTahYYOUUE 6To 6Tt To Aoylouixd SHAPE uropel va egapuootel
1600 oc IThavntixd Negehduota 660 xou oe Troreluuato Trepxovopavey Actépwy.

Ewiotepa avopopixd ue to poviého 100 VRO xon haufBdvovtog u'odwy ta guod aroteAéouota
T0U povTtélou, ebvar Tpoaveég 6Tt €val povtélo autod ToU TUTOL Oev elvon Wiar amAf 3A amexovion
evog avtixeévou. Ta guowd anoteréoyata mou mpoéxudoay cUVEBUAAY %aTd TOAD GTNV AmEVTNo
EQOTNUATWY OYETXA PE TO oLUYXEXPWEVO TTA,| 6TnV TANEESTERY EQUNVELX TOV TORATNENOLIXWY OE-
OOUEVWY, UAAS EPERUY GTO (PWS XL YUPUXTNELO TIXE TOU TOU OEV Ty eupavy) ota 2A Topatnenctoxd
OEDOUEVAL.

Yuvenng, we v onuoupyio To0 mpdtou 3A MK povtéhou evog TTA, éva xouvolpto xow ToAD
Yenowo epyohelo €yel mpootedel otic uedodoug yerétng twv TTA. Enlone alloonueinto civon 6Tt
o amoteréopata Tou 3A MK povtélou, unopolv va yenowonotndolyv we 0e00UEVA ECAYWYNS OE
Topoduvouxd poviého. To yeyovog autd avolyel TO GpOUO Yo Uidl TO EVOEAEYT €QELVAL OUTWY
TWV TOANITAOXGY UVTIXEWEVGY, T ATOTEAECUATA TG OTtolag GUUPBAANOLY TENXS OTNY XuTAVONOT) THG

aoTEg eEENENG.
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Chapter 1

1 Introduction

In this chapter we present the basic theory of the stellar evolution of low and high-mass
stars. We emphasize on the evolutionary path followed by the high-mass stars, as these are

the progenitors of the Supernova Remnants, which are the objects studied in the current Thesis.

1.1 Protostar formation

Although stars seem like “constant lights” in the night sky, in reality they are celestial
objects that are born in galaxies, evolved and eventually they die. A protostar is formed by
the gravitational collapse of molecular gas (mostly composed of Hydrogen (H)) and dust!'. The
collisions between the H atoms in this spinning cloud heat up the gas. When the temperature
reaches up to T = 10’ K in its core, H fuses into Helium (He)? and the protostar begins to
glow. When the mass is stabilized, then the star is located in the Main Sequence (MS) of the
Hertzsprung-Russel (HR) diagram (Fig. 1.1). The beginning of the MS phase, which is signalled
by the onset of H fusion into He, is called the Zero Age Main Sequence (ZAMS) and corresponds
to the thin diagonal line that crosses the HR diagram from the top left corner to the bottom
right in Fig. 1L

While in MS, two conditions must be preserved for the stability of the star (Fig. 1.2): a)

the star must be in Hydrostatic Equilibrium: outwards thermal pressure (pressure due to the

IThis cloud may consists of other elements too, which were present in this area due to a previous nearby

Supernova explosion (Section 1.6) that had taken place in this region.
2This chemical reaction is the onset of what is called stellar nucleosynthesis which is the formation of heavier

elements from the fusion of lighter elements in stars. In Astronomy, as heavier elements are considered these
that are heavier than He. Elements heavier than He and up to Iron (Fe) are made in the cores of the stars, while

elements heavier than Iron are made in Core-Collapse Supernova explosions (see Section 1.6.3).
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Figure 1.I: The Hertzsprung-Russel (HR) diagram. It illustrates the relationship between the temperature

T (K) of a star, along with its Luminosity (L), its mass (M) and its radius (R) in solar units.

random movement of the particles) balances inwards gravity - no motion of the star b) the star
must be in Thermal Equilibrium: energy generation through nuclear fusion at the core, is not
trapped inside the star, but is transferred to the surface and is emitted away. In “normal” stars
this energy transport can occur through radiation (energy is carried by photons) or convection
(energy carried by bulk motion of gas - case of bubbles movement in boiled water). In a White
Dwarf (see Section 1.2.7), which is the ultra dense C-O core of a star, the energy released from
the core is transferred to the surface through conduction (energy carried by particle motions

- example of a spoon heated by a candle).

The mass of the initially collapsing H clouds determine the mass of the newly born star. This

amount of mass is responsible for the gravitational force that exerts onto the star’s particles,
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Figure 1.2: (a) Hydrostatic Equilibrium (b) Thermal Equilibrium. For description, see in the text.

defining its core pressure and temperature, and subsequently the fusion rate of the fuel present
in its core. This fusion rate is called luminosity (L; produced energy per unit of time) and the

equation that connects the mass (M) of the star with the produced luminosity is:
Lo M2 (1)

The time (7y5) that a star will spend in the MS burning its H into He in its core, is related to

its mass (M) and its luminosity (L) through the equations:

M
s = (1.2)
M -2.5
Ivs = t@ X (V@) (13)

where to = 1.2 x 10'0 years, is the time span for the Sun to fuse H into He in its core, M is
the mass of the star, and Mg= 1.98 x 10*° kg is the mass of the Sun. In general, stars spend
almost 90% of their total lifetime in the MS phase, before they continue their rest evolutionary
course.

A direct conclusion we can draw from Eqgs. 11-1.3 is that more massive stars are more
luminous, and tend to consume their H fuel in their cores at a quick rate. On the contrary,
lower-mass stars are characterized by lower luminosity and they spend their H fuels with
savings. The reason for this, is the kind of nuclear reactions through which H is fused into He
in the core of a star: low-mass stars follow the proton-proton chain reaction (see Section 1.2),
while high-mass stars burn H into He in their core via the much faster CNO cycle (see Section
1.3).

When the H of the core is fully converted into He then the MS stage stops, and the star
continues its rest evolutionary path. The latter depends strongly on the star’s initial mass in

the MS, on the mass loss that it undergoes during its lifetime (for single stars the only means
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of mass loss are the stellar winds -see Section 1.9.1, while in a binary system mass deposition
on the other companion is an additional reason), and on its metallicity. Detailed description
is beyond the scope of this thesis, but can be found in a number of papers (e.g. Heger et al.
2003).

Stars are roughly separated into two basic groups: those with initial mass below 8 Mg
(low/intermediate-mass stars) and those with initial mass above this value (high-mass stars).
The distinction depends on whether the core of the star may undergo any further nuclear
burning after a point of its evolution, or not. However, when the mass M <0.08 Mg, this
object is not termed as a “star” for inward gravity is not strong enough for nuclear burning
to start. This is why Jupiter with 0.0009543 M, is not a star, but a planet. On the other
hand, when M >150 Mg, gravity is extremely high, the star is too unstable to live and finally
collapses. However, this upper threshold seems to have been crossed, with R136al in the Large
Magellanic Cloud to currently hold the record as the more massive star known in the universe
(M ~ 265 Mo,).

In the following Sections 1.2 - 1.5, [ outline the evolution of the stars with M lower or greater
than 8 Mg, after their departure from the MS phase, according to the currently widely accepted
models. For high-mass stars, their end-point as a Supernova and their subsequent evolution

as Supernova remnants is presented separately in Sections 1.6 - 1.8.5.
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1.2 Evolution of low/intermediate-mass stars, with 0.4 Mo < M <8 M

As low/intermediate-mass stars are considered these with mass-range 0.4 Mo< M <8 Mg.
The relatively small gravitational forces that such a star exerts on its material imply that the
pressure and the temperature in its inner regions are of low magnitudes too. Low temperatures
(not lower than T = 107 K though) imply low rate of H fusion into He in the core, which means
low rate of energy production, i.e. lower luminosity L. So, as Eq. 1.2 indicates, low mass stars
tend to spend long time in MS phase until they burn almost all of their H in their core into
He. In low-mass stars, this happens through the proton-proton chain nuclear reaction (Fig. 1.3)
according to which four H nuclei (protons) in total, are combined in order to eventually form
one He nucleus (alpha particle). The released energy from this reaction is proportional to ~
T4. At the end of the MS phase, the star consists of an He core surrounded by a H-shell. What

follows in the star’s evolution is a phase that is called subgiant phase (Section 1.2.1).

© 2004 Thomson - Brooks Cole
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Figure 1.3: The proton-proton chain nuclear reaction: 4 H nuclei (protons) are combined to form 1 He
nucleus (alpha particle). This reaction takes place at the core of low-mass stars (0.4 Mp< M <8 Mg)

while they are still in the MS phase.

1.2.1 Subgiant

At the end of the MS phase, the produced energy at the core of the star is transferred to
its surface through radiation. The difference between the produced luminosity at the core and
that which eventually escapes from the star’s photosphere is consumed in the heating of the

intermediate layers of the star forcing them to dilate, which means increase in the star’s radius
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R. Assuming that the mass of the star stays constant (i.e. no mass loss at this point through
stellar winds), Eq. L1 indicates that the surface luminosity L also remains practically constant.

So, according to the following equation about luminosity:
L= 47L'R26T;}f [ergsil} (1.4)

where R is the radius of the star, 6 = 5.67x 1078 Wm 2 K* is the Stefan-Boltzmann
constant and T is the effective temperature3, T will decrease making the star to appear red in
colour. That means that the star is moving horizontally to the right in the HR diagram converted
into a red subgiant (Fig. 1.4). At the end of the subgiant phase, the temperature inside the core
is ~ 107 K, which is hot enough for the H nuclear fusion as we saw, but not hot enough for He
to start its fusing reactions in the core of the star (the needed temperature for this would be
~ 10® K). The temperature outside of the core is cooler (less gravitational pulling means less
pressure on the gaseous layers) therefore the H-shell around the He core cannot burned. As no
nuclear reactions can take place, there is no energy production to compensate for the inwards
gravitational forces. The core begins to shrink and - due to its contraction - its temperature
rises, heating up the H-shell which surrounds the He core. At this point, the Hydrogen-shell
burning begins (Fig. 1.4, phase 1)%.

Although the nuclear energy is high, the produced photons in the H-shell cannot escape
yet due to the H that surrounds the H-shell (we say that the stellar matter is very opaque
to radiation). These photons of the H-shell “push’ outwards on the outer layers of the star
(radiation pressure), forcing its photosphere to expand and, subsequently, to cool down. The
star’s radius increases by a large factor (for example: if the core radius is 1072 Re, the star
radius reaches 50 Rg), its luminosity also increases (L = 47 R?> ¢ T*) while its temperature
decreases, making the star to appear even redder. Now, the ever-growing luminosity cannot
be transferred to the surface of the star through the stable radiation process, resulting in the
unstable transfer of energy through convection (Fig. 1.2b). The star has now entered the Red
Giant phase (Red Giant Branch - RGB) (Section 1.2.2).

1.2.2 Red Giant (RGB)

As we mentioned in the previous paragraph, in the RGB phase the envelope expands be-

cause of increased energy production, and it cools because of increased surface area. Fig. 1.5

3T,fr is defined as the temperature of a black body with the same energy flux at the surface of the star, and

constitutes a good measure for the temperature of the photosphere.
4This is a repeatable pattern in the evolutionary course of a star: each time the core depletes the element it

is fusing, it shrinks until it becomes hot enough for other fusion reactions. A new type of shell burning ignites

between the core and the overlying shells of fusion.
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Figure 1.4: On the left: evolutionary track of a low/intermediate-mass star from the ZAMS phase to its
transformation into a White Dwarf. On the right: the core layers of the star during its evolution from

the subgiant phase up to the AGB phase (see Section 1.2.4) in the HR diagram.

illustrates the size of various stars, in order to get an idea of the enormous size that a Red Giant
can reach. At its outer atmosphere, the star is characterized by dense stellar winds (Section
1.9.1) with mass loss rate 107% - 107* M, yr—!(Mauron and Josselin 2011). On the other hand,
in the inner part of the star, an explosion known as Helium flash will take place (Section 7.1),

the outcome of which will be the creation of Carbon (C), and perhaps Oxygen (O) as well.

1.2.3 Horizontal Branch

After the He flash at the end of the Red Giant phase, in which He burns into C (and/or O) in
the core of the star, the released energy is so strong that the resulted increased temperature
causes the ending of the degeneracy pressure in the core (for degeneracy pressure see Section
7.1). The gas turns into an ideal gas and the thermal pressure (pressure due to the random
movement of the particles) dominates now over the degeneracy pressure. The core expands
depleting the gravitational pull exerted onto the H-shell that surrounds the core, leading to the
decrease (but not the cease) of the H burning in that shell.

Hence, at this stage there are two sources of energy present in the star: a) H fuses into He
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Figure 1.5: A comparison of star sizes, where we can see the enormous size a Red Giant can reach

during its evolution.

in the shell that surrounds the core and b) He fuses into C in the core (Fig.l.4, phase 2). Despite
the two sources of energy production, the overall outwards radiation pressure is not enough to
compensate for the inwards gravity, so the star eventually shrinks and becomes less luminous.
Progressively due to the shrinking, the rise in the effective temperature and decrease in surface
area are such that the luminosity remains roughly constant (L = 41 R?> ¢ T%), forcing the star
to move almost horizontally to the left in the HR diagram. This period in the evolution history
of low/intermediate-mass stars is called the Horizontal Branch (Fig. 1.4). The exact position
of a star in this branch depends on the initial mass of the star, its chemical composition in the

MS, and the mass loss of its outer layers during its stay to the Red Giant branch.

After this stage, the star “climbs” up to the HR diagram for a second time (the first was

during the RGB phase) following a path called Asymptotic Giant Branch (Section 1.2.4).

1.2.4 Asymptotic Giant Branch (AGB)

By the end of the Horizontal Branch, the He burning in the core of the star has left behind
Carbon (and in some cases Oxygen too) “ashes”. The picture we now have is a core full of
Carbon, surrounded by a He-shell which in turn is surrounded by a H-shell (Fig. 1.4, phase 3).
The nuclear reactions in the core have ceased and consequently there is no counterbalance for
the inward push of gravity. Hence, once again, the core begins to shrink and heat up. But, what

saves the core from total collapsing is the Electron Degeneracy pressure.
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This contraction, to the point that exists, generates the heat rise in the core, which however
is not enough to ignite the fusion of C (the temperature has to be even greater than 108 K needed
for He fusion). Hence, this thermal energy that anyway exists in the core is transferred in the
He-shell that surrounds the C-O core, fusing He into C. Subsequently, the produced energy
in the He-shell is transferred in the H-shell that surrounds the former, causing the burning
of H into He. These two nuclear reactions that take place in the double shell burning lead
to the increase of the star’s luminosity (~ 10* L). But once again, the produced photons are
trapped by the H layers which surround the H-shell, and thus radiation pressure is exerted onto
the outer layers of the star. The star expands, cools down and becomes redder. This is the
beginning of a second Red Giant phase, which is called Asymptotic Giant Branch (AGB) phase,
during which the star is moving up and right in the HR diagram. The term “asymptotic” is
because the star asymptotically approaches (almost) the same location in the HR diagram as an
RGB star does. These type of stars are also categorized as Red Supergiants (RSG) due to their
red colour and enormous size (their radius range from a few hundreds to thousands of Rg).
Two very famous RSGs are Betelguese and Antares A, as shown in Fig. 1.6.

Mass loss due to stellar winds is also present at this phase. Here, the stellar winds are more
tenuous (mass loss rate 1078 - 107> M, yr~!; Héfner and Olofsson (2018)) and faster (order of
10km sec™!) than in the RGB phase. As a result of the stellar wind activity, AGB stars are usually
surrounded by large quantities of gas and dust which partially absorb the stellar radiation and
therefore modify the spectral appearance of the star, something that also happens in the case
of an RGB star.

C and O “ashes” from He shell ignition are continually deposited onto the C-O core, in-
creasing its mass. The increasing strength of gravity that follows forces the free electrons of the
degenerate core to squeeze together even more, in order to increase the electron degeneracy
pressure and finally counteract the inwards gravity force (remember that nuclear fusions have
ceased, so degeneracy pressure is the only mechanism available against gravity for the stability
of the core). This electrons squeezing leads to the shrinking of the C-O core. In order for the
core to manage to maintain its equilibrium state, its mass must not exceed 1.4 Mg. Above that
limit, degeneracy pressure its not enough to balance the strong inwards gravity and the core
will totally collapse leaving behind either a neutron star or a Black Hole (see Sections 1.3 and 1.5
respectively). When the mass is below that limit, then the C-O core is the progenitor of a very
hot, small and compact object, known as a White Dwarf (WD) (see Section 1.2.7). This upper
limit of 1.4 Mg, is known as the Chandrasekbar limit for White Dwarfs in honour of the Indian
astrophysicist Subrahmanyan Chandrasekhar for his major contribution in the interpretation of

the physics of White Dwarfs, neutron stars and other compact objects (Nobel Prize in Physics,
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1983).
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Figure 1.6: (a) The Red supergiant (RSG) Alpha Orionis in the constellation of Orion, also known as
Betelgeuse (Rpeeiguese = 8871203 R). Ancient Greek Astronomer Ptolemeos as well as ancient Chinese
astronomers mention Betelgeuse in their reports as a yellow star. Today we believe that Betelgeuse
will explode as a Supernova (see Section 1.6) within the next thousands years. (b) The RSG Antaris A
(Rantares A = 883 Rg) in the constellation of Scorpius. The Ancient Greeks named Antares “rival to Ares”
(opponent to Mars), due to the similarity of its reddish hue to that of Mars. This comparison may have

originated with early Mesopotamian astronomers.

1.2.5 Post AGB phase

At the end of the AGB phase, which is also known as Post-AGB phase, the star is characterized
by strong mass loss (it can be as high as 10™* M., yr~!) which includes significant amount
of dust grains, formed due to the star’s low photosphere temperatures (~ 3000 K). There
are several proposed mechanisms for the interpretation of the mass loss in Post-AGB stars:
Helium shell flashes, periodic envelope pulsations (long period variables - LPVs), and/or low
acceleration at their surface due to gravity that cannot hold any more their outer gaseous

layers, according to the following equation:

M
= ((;—2) (15)

where g is the gravitational acceleration, G is the gravitational constant (6.674 x 10~'! N m?

Kgr?), M is the mass of the star and R is the radius of the star.
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Whatever the mechanism, the result is the expulsion of the star’s atmosphere, the latter
basically consisted of H and He, leaving behind a hot and dense C-O core surrounded by thin
layers of residual H and He. Gradually, since no outer layers are present any more to obscure
the core, the high temperature of the exposed core is revealed and this is why the star is
moving nearly horizontally to the left in the HR diagram as a Post-AGB star.

Remind that we examine the case of low-mass stars whose C-O core mass does not exceed
1.4 Mg. In this case, this hot, glowing material ejected through the mass loss of an AGB star
is called Planetary Nebula (PN) (Fig. 1.4), and it is glowing due to the ionization it undergoes
from the ultraviolet radiation emitted from the hot central star. In later evolutionary stage
when the H and He expanding shells are completely diluted into space and extinguished, the
luminosity of the star drops rapidly, and the revealing core cools off to become a White Dwarf.
Planetary Nebulae and White Dwarfs are presented more thoroughly in Sections 1.2.6 and 1.2.7

respectively.

1.2.6 Planetary Nebulae

The term “Planetary Nebula” is obviously misleading. When these objects were first de-
tected’, they were thought to be planets due to their small, round shape and their greenish
colours, the latter caused by an oxygen emission line present in the nebula (see for example
the central region of the Hourglass Nebula in Fig. 1.8c).

Today, as we outlined above, it is believed that PNe are the expelled atmospheres of the
central stars of post-AGB stars, photoionized by the latter, and also the progenitors of White
Dwarfs (Shklovsky 1956; Paczyski 1971). Since the PN “birth”, i.e. when the central star lost its
outer shell that became the planetary nebula, the time span is about 3.5 x 10* years. This is
much shorter than almost any other stellar evolution times, which shows that the PN phase is
a relatively short-lived stage in the evolution of a star.

One evidence in favour of the idea that late-type low mass stars are the progenitors of PNe,
is the presence of dust in the infrared and molecules in the mm wavelengths in the nebula.
This indicates that the material in the nebula came from a cool stellar atmosphere (remember
that in low temperatures material tends to get condensed, leading to the creation of dust and
molecules in the cool atmospheres of the stars), something that strengthens the belief that the
progenitors of PNe are Red Giants. Furthermore, the C-O cores of their central stars, suggest
that we speak about Red Giants in the AGB phase, and not in the RGB phase where the star’s

core consists of He.

SFirst PN ever detected: Dumbbell nebula by Charles Messier in 1764.
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With regards to the expansion velocities of PNe, observations show that they are of the
order of ~20—30 kms~!. This value is incomparable smaller than the escape velocities from
current central stars of PN (White Dwarfs) which is about ~ 1000 kms~!, which means that the
shells of PNe have not been detached from a WD. On the contrary, their velocities match with
the escape velocities of Red Giant stars which are about ~ 10 km s~ (Kwok et al. 1978), but still
are higher than these. Furthermore, their densities are higher than those in the circumstellar
envelope of an AGB star. Therefore, it seems that the simple detachment of the atmosphere
from an AGB star is not the case. A different mechanism is needed to compress, accelerate and
form the circumstellar envelope into a PN.

The mechanism that is currently widely accepted was proposed by Kwok et al. (1978), and it
is known as the model of Interactive Stellar Winds (ISW). According to this, the fast and tenuous
stellar wind ejected from the core of the post-AGB star collides with the remnant of the slow
and dense stellar wind previously ejected from the precursor Red Giant star, leading to the
creation of the Planetary Nebula.

More analytically, the winds in the Red Giant phase have relatively low velocities (~ 10 kms™!)
but substantial mass-loss rates (107> Mg, yr~!). This process produces a large, cool, neutral
(mostly consisted of H), slowly-expanding shell around the star. On the other hand, the hot
central core exposed after this envelope mass loss is characterized by a fast stellar wind
(~ 10* kms~!), but its mass-loss rate is substantially lower (typically 1078 Mg yr~!). When
this rarefied, fast wind interacts with the more dense, slowly-moving outer envelope, it gets
shocked and superheated (with T = 10° K), creating a “hot bubble” filled with coronal gas, i.e.
very hot and sparse gas. This bubble is accelerated outwards from the central star, sweeps
up the initially expelled AGB envelope (the dense and slow stellar wind) and constrains it into
a cool (with T = 10* K), thin and dense shell that traces the bubble’s perimeter. This shell is
responsible for the optical and IR (due to dust grains) radiation detected in PNe, while the “hot
bubble”, which is fully contained within the bright optical rim/shell, emits the diffused hard
X-ray emission (>10 keV) present in PNe (Fig. 1.7). The bubble is separated from the outer,
much cooler gas by a contact discontinuity:.

Thus, at this point the structure consists of three main regions: i) the innermost fast wind
from the core, ii) a region where the fast wind collides with the material previously lost from
the cool star and iii) an outer layer of molecular gas.

The case of two interacting winds as a formation mechanism for PNe, is the simplest possible
case. If, for various reasons, more discontinuities in velocities occur, then more than one shell
may be produced, as we can see in Fig. 1.8 (a), (d) and (e).

With regards to the X-ray emission, the shocked fast stellar winds in the “hot bubble” model
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NGC 2392 NGC 6826

Figure 1.7: Chandra and HST (Hubble Space Telescope) composite pictures of the PNe IC 418, NGC 2392,
and NGC 6826. X-ray emission from the “hot bubble” is shown in blue, and optical Ho 6563 A and [N1I]
6548, 6584 A emission in green and red, respectively. Credits: Ruiz et al. (2013).

is not the only source of X-ray radiation in PNe. Softer X-rays (0.3-2.0 keV, luminosities L~
103! erg s~!) may originate from the central stars of PNe, which can reach temperatures as high
as 100.000 —200.000 K. They appear as point sources, contrary to the shocked winds which
are expected to be extended sources emitting continuously out to the inner wall of the dense
shell of the PNe. Finally, a point source centered on the PN nucleus with a hard X-ray spectrum
or an extraordinarily high X-ray luminosity may indicate a different emission mechanism, such

as an X-ray binary (Chu et al. 2000).

The various, beautiful colours in the optical waveband that PNe illustrate are attributed to
the photoionization they undergo from the central star. While the hot, condensed central star
remains in equilibrium state, the ultraviolet photons it emits are absorbed by the atoms of H, He
(and possible heavier elements present in the nebula, transferred from the core to the surface
through conduction) causing the atoms to excite (creation of ions) or ionized (creation of free
electrons). When the electrons fall back to the lower energy levels, or free electrons reconnect
with the atomic nuclei, they emit radiation in the visible range of spectrum, resulting in the

colour palette we see in their images.

With regards to the observed morphology of PNe, the various structures they present are
basically classified as spherical, bipolar and elliptical (Fig. 1.8), while it is quite common for
their structure to be accompanied by halos, jets, collimated outflows and/or knots (clumps of
material with dark cores and luminous cusps on the sides facing the star). The case of the PN
Hb4 which is presented in this Thesis in Section 4, is a typical example of a Planetary nebula

which expels pairs of knots on either side of its core star.

However, their apparent morphology depends strongly on i) the available resolution of the

image, ii) the detected ionized/molecular emission lines and iii) the projection effect (viewing
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Figure 1.8: PNe of intriguing morphologies: (a) NGC 6543 or the Cats Eye nebula, Image Credit: X-ray:
NASA/CXC/SAQ; Optical: NASA/STScl (b) NGC 6302 or the Butterfly nebula, Credits: NASA/Hubble Space
Telescope (HST), (c) HST image of MyCnl8 or the Hourglass nebula, Credit: NASA, R.Sahai, J. Trauger (JPL)
and The WFPC2 Science Team (d) HST image of NGC 7027, or the ‘Jewel Bug” nebula. Image credit:
NASA/ESA/J. Kastner, Rochester Institute of Technology, (e) NGC 7009 or the Saturn nebula, Credits:
ESO/J.Walsh. (f) Menzel 3 (Mz3) or the Ant nebula, Credits: NASA/ESA, Hubble Space Telescope. From

these, (a) and (d) are in the northern hemisphere, while the rest of them at the southern hemisphere.
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angle under which the object is seen). Thus, observed morphology is not enough for the
structural classification of a PN. In addition, the various components that a PN consists of
(ionized, atomic, molecular, and dust components) do not necessarily have the same geometry.
Multi-wavelength observations along with kinematic data are necessary to separate various
components projected on the same positions in the sky. Furthermore, 3D modeling, e.g. SHAPE
code (Steffen et al. 201l), can provide us the 3D structure of a PN. A very nice work on this
has been presented by Clyne et al. (2015a). Through this thorough probe we would be able to

constrain even more the classification criteria of a PNe.

An understanding of their real geometric structure is of vital importance as it is the first step
toward understanding of their dynamical evolution. For example, spherical structure implies
a smooth envelope ejection in a uniform ISM, while bipolar morphology may denote strong
mass-loss through the poles of the central star. Multiple, fainter outer shells may be evidence
for multiple ejections and/or interaction of multiple stellar winds, as mentioned above. For the
variety in the morphology of the PNe, it is possible that various mechanisms may contribute
such as ISW, pulsations, dynamical instabilities, multiple ejections of material from the stellar
surface, the presence of one or more companion stars and presence of magnetic fields. These

mechanisms may operate in the same object at different times resulting in the final PN formation.

1.2.7 White Dwarfs

At the final stage of a PN, the nebular shell expands and merges with the interstellar gas,
while its central star becomes a White Dwarf (WD). WDs occupy the down-left region in the
HR diagram (Fig. 1.4). A WD is about the size of the Earth (Earth radius ~ 6000 km) and contains
approximately the same amount of mass as the Sun ( My~ 10*° kg) (for the relationship between
mass and radius in a WD, see Section 7.2). They are super dense objects, with density 10% gr
cm~? (for comparison, Sun’s density = 1.4 gr cm~3, Earth’s density = 5.5 gr cm~3). Its C-O core
cannot undergo any nuclear fusion any more (this would demand temperatures even higher than
108 K). Since there is no nuclear energy produced to resist the inwards gravitational pull, the
only mechanism that prevents this very dense core from collapsing is the outwards electron
degeneracy pressure (note that the gas in the core now is not an ideal gas, but degenerate). In
order for the WD to maintain its Hydrostatic equilibrium state, its mass must not exceed the
Chandrasekhbar limit. Above that limit, inwards gravitational force would be too strong to get

balanced by the degeneracy pressure, and the WD would totally collapse.
While the core stays in this equilibrium state, it emits radiation in the region of soft, or

lower-energy, X-rays, ionizing the previously expelled gaseous envelope of the star. The core
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illuminates, not because it generates energy (nuclear reactions have stopped), but because it
has trapped a large amount of heat which is gradually radiated away. Progressively, the core
will cool off by radiating light, up to the point that it will no longer be visible. Then it will be
transformed into a brown dwarf, a cold stellar corpse with the mass of a star and the size
of a planet. It will be composed mostly of C; O and Ne, the products of the most advanced
fusion reactions of which the star was capable. This procedure will be completed within the
next billion years. A second possible scenario about the late stages of a WD, is the latter to
belong to a binary system. In this case, the WD ends its life as a Nova or a Type la Supernova,
which is analytically described in Section 1.6.2.

It is worth mentioning that, as a degenerate star -like a WD- cools, its atoms “solidify” and
are lined up into a giant, highly compact lattice (just like in a crystal where we see organized
rows of atoms). When carbon is compressed and crystallized in this way, then the star becomes

a giant diamond-like star. Hence, we can say that WDs are diamonds scattered in space!

1.3 Evolution of high-mass stars, with 8 Mo < M <20 Mg

As high-mass stars are considered these with 8 Mg < M <20 M. They are created due to
the very effective molecular gas accretion driven by gravity during the protostar formation.
Due to their high mass, the inward gravitational forces are so strong that are able to compress
the hydrogen core to much higher temperatures than in low-mass stars. Therefore, in the core
of a MS high-mass star, hydrogen fusion also occurs, but now through the Carbon-Nitrogen-
Oxygen (CNO) cycle (Bethe 1939), rather than through the proton-proton chain as in the case
of low-mass stars. The released energy is proportional to ~ T'7, while in the proton-proton
chain is ~ T*. The end result of these two reactions is the same (He production), but the steps
are different (Fig. 1.9).

Specifically, in CNO cycle, four protons are used in order to produce one He atom. During this
procedure, Carbon, Nitrogen and Oxygen act as catalysts that speed up the reaction, without
though being consumed. We have to note that, although the primary constituents in stars are
H and He, however if in some cases (much) smaller amounts of heavier elements are present,
such as C, N and O (possibly present in the vicinity of the protostar due to a previous explosion
of a SN), they can participate in the reactions of the CNO cycle, and in the end to produce He
in the core of the star. CNO cycle fuses H at a much higher rate than the proton-proton chain
that occurs in low-mass stars. This is why massive stars have shorter lives with respect to
low-mass stars (a 25 Mg spends about 2.5 million years in the MS, while the Sun about 10

billion years).
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Figure 1.9: The Carbon-Nitrogen-Oxygen cycle, or CNO cycle in abbreviation. Here, four protons are
used in order one He atom to be created. C, N and O “help” for the reaction to occur much faster,

without however to get consumed through this.

After the He formation, He is burning into C and the rest fusion reactions continue to the
point that Iron (Fe) is formed at the core of the star. These reactions take place when the star is
at the AGB (or else Red Supergiant) phase. Detailed analysis from this point and on is presented
in Section 1.6.3. Here we can say that what follows the Fe formation is a spectacular explosion
called Supernova (SN), which signals the death of the massive star. The expelled material from
the star forms a nebula, called Supernova Remnant (SNR) (Section 1.6.4). On the supposition
that the remaining star mass after the explosion is 1.4 Mp< M < 3.2 Mg, the stellar remnant
is a neutron star (for details see Section 2.1.2). On the other hand, if M > 3.2 Mg, then the star

collapses into a black hole, as we will see in Section 1.4.

1.4 Evolution of high-mass stars, with M>30 M- Wolf-Rayet stars

As we saw in the previous paragraph, stars with 8 My < M <20 Mg, will explode as Su-
pernova after they reach the Red Supergiant phase. However, the more massive stars, after
their RSG phase and before they explode, they will pass through an additional evolutionary
stage, becoming Wolf~-Rayet (WR) stars. This is a special type of stars named after the as-
tronomers Charles Wolf and Georges Rayet who first discovered them in 1867. These stars are
very massive (30 —200 M), very hot (30.000 — 150.000 K) and very luminous (~10° L), with
extremely fast stellar winds (~1000 —2000 kmsec™!) (see Section 1.9.1), while their attribute is

their unusual spectra that will be described below. Their position in the HR diagram (Fig. L.I)
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Figure 1.10: A typical spectrum of a MS star: continuum with absorption lines.

is at the upper left corner, while it is thought that their progenitors are O-type stars.

More specifically, during the RSG phase the star may lose a significant amount of mass
from its outer envelopes through the stellar winds process, creating a gaseous shell around it.
Therefore, as the H (or even He) envelope has been expelled, the exposed C-O hot core of the
star emits copious amount of UV photons that ionize the expelled material, forming an optically
bright, bubble-shaped nebula around it. The exposed core is called Wolf-Rayet star, while the
discarded outer layers that surround it are referred to as Wolf-Rayet nebula (Fig. L11 a, ¢, d).

It took many years for the astronomers to figure out the nature of these objects they were
observing, and this is because of their unusual spectra. Typically, Main Sequence stars show
a continuum spectrum with absorption lines, as a result of light energy absorption at specific

frequency form overlying elements (Fig. 1.10).

On the contrary, WR stars present continuum spectrum with broad emission lines (with equiv-
alent widths up to 1000 A!), similar to a nebular spectrum (Fig. L1lb). Specifically, their spectrum
contains almost no Hydrogen, but illustrates prominent, broad emission lines of ionized Helium,

and highly ionized Nitrogen or Carbon. By decoding their spectra we can elicit the following

44



conclusions about their physical characteristics:
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Figure L1I: (a) The Galactic Wolf-Rayet star WR 136 and the Crescent nebula (NGC 6888) that surrounds
it. In red is the Ha and in blue the [OIll] emission line. Credit: Miller, Walker. (b) The spectrum of
the Galactic WR 136 star with prominent the emission lines of ionized Helium. Also present is the Ha
line, which indicates that the star must still have an outer layer of Hydrogen. (c) The WR nebula M1-67,
mainly glowing in He, surrounds the Galactic exploding star WR 124. Credits: Hubble Legacy Archive.
(d) The Galactic WR 3la star surrounded by this WR blue bubble consisted of dust, Hydrogen, Helium
and other gases. Credit: NASA/ESA Hubble Space Telescope.

- the lack of Hydrogen indicates that these stars are indeed in later evolutionary stage,
where they have lost their Hydrogen envelope, allowing the already formed C-O core to be
revealed.

- the high degree of element ionization dictates photons of high energy which are expelled

from the inner layers of the star of high temperature (and ionize its outer layers). This justifies
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the formation (and the presence in their spectra) of heavier elements too, as N and C.

- the large width of their emission lines (which present both blue and red shift) implies
that WR stars have strong stellar winds ejected towards all directions. They are driven by
the radiation pressure on the star’s gas (mechanical pressure forced onto the gas by the highly
energetic emitted photons). As we said, their velocity is of the order of ~1000 —2000 kmsec™!,
while the stellar mass they eject is about ~107> Mg, yr~!. These extremely fast stellar winds
interact with the outer layers of H (or He) previously ejected by the star in the RSG phase,
creating an emission nebula around the WR star.

WR stars are very massive and therefore short-lived, thats why they are rare. In our
Galaxy, there are about 220 known WR stars. It is assumed that there are much more, but not
easily detectable due to dust. We can argue that Wolf-Rayet is not exactly a “type” of star
but rather the last stage of evolution of very massive stars of O-type before they turn into a

Supernova. In particular, they are thought to end their lives as Type Ib or Type Ic Supernova

explosions (see Section 1.6.3).

1.5 Evolution of very massive stars, with M>200 M

In the previous paragraph we saw that massive stars tend to end their lives with a spec-
tacular explosion (Supernova), leaving behind a neutron star. However, there is an upper limit
in the mass of a neutron star, and this is 3.2 Mg, over which neutron degeneracy pressure in
the core (not electron degeneracy any more) cannot balance gravity. Very massive stars, with
M>200 Mg, create neutron stars with masses that exceed the critical mass of 3.2 M. The
result is the star to collapse under its own gravity and all of its matter to be now compressed
into a very small place, which is called black hole. Due to the high concentration of matter in
this tiny region in space, the pulling force of gravity is so strong that even light is not able to

escape. An “anatomy”’of a black hole is given in Fig. LI2.

*Comment on mass and evolution of a star:

We have already mentioned that low-mass stars tend to end their lives as White Dwarfs
(through the Planetary Nebulae stage), while massive stars end as neutron stars or black holes
through a Supernova explosion. We need to clarify that the factor that determines the star’s
fate is not only the initial mass that the star has in the MS, but also the mass the star possesses
in its middle and old age, after the mass-loss that has undergone during its lifetime, basically

through the stellar-wind mechanism. This will eventually define the mass of the star’s core.
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ESO, ESA/Hubble, M. Kornmesser/N. Bartmann

Figure 1.12: This artist’s impression depicts a rapidly spinning supermassive black hole surrounded by
an accretion disc. This thin disc of rotating material consists of the leftovers of a Sun-like star which
was ripped apart by the tidal forces of the black hole. The black hole is labelled, showing the anatomy
of this fascinating object. Credits: ESO

So, if for some reasons (e.g. strong stellar winds, or interaction in a binary system) a massive

star loses important amount of mass, it will not necessarily end as a SN, but rather as a WD.
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1.6 Supernova (SN) - Supernova Remnants (SNRs)

As Supernova (SN) is characterized the massive explosion which occurs at the end state
of a star’s lifetime. This progenitor star can be either a massive star (M > 8 M) or a C-O
White Dwarf in a close binary system, as we will see in the following Sections. During this
massive explosion, the produced shock wave gives a huge push to the star’s expelled material,
forcing the latter to move supersonically into the interstellar medium (ISM), interact with it and
enrich it with the heavier elements produced during the explosion. What remains after this
interaction is a luminous expanding nebula, the Supernova Remnant (SNR), which contains
the stellar matter ejected during the explosion and also the interstellar matter swept up by
the star’s propagating shock wave. SNRs usually illustrate complex morphologies, while their

radiation emission covers almost all the waveband, from y-rays to radio lines.

1.6.1 Classification of Supernovae

Spectroscopically, Supernovae are divided into two main types (Fig. 1.13): Type | which have
(almost) no Hydrogen in their spectra, and Type Il which do exhibit H emission lines. With
regards to the explosion mechanism, they are broadly classified as thermonuclear (Type la /
low-mass progenitor stars) and core-collapse (Type II, Type IIb, Type IIL, Type IIP, Type Ib and

Type Ic / massive progenitor stars) . Below we outline the explosion mechanism for each type.

1.6.2 Type la Supernova - Thermonuclear explosion

The fact that Type la SNe show no H lines in their spectra indicates that the progenitor star
(the star that exploded) had no H envelope any more at the time of the explosion. A candidate
stellar object for this could be a White Dwarf. On the other hand, in order for a WD to explode,
its mass must have exceed the Chandrasekhar limit, i.e. 1.4 My, which means that somehow
the WD managed to increase its mass. The latter can happen if this star “steals” matter from a
companion star. These clues lead to the scenario of a close binary system for a Type la SN, the
one component of which is a WD while the nature of the second component is still strongly

debated. So far, two are the most accepted scenarios for the progenitor system of Type la SN

(Fig. L.14):

i) Single degenerate system:
In this binary system we want a companion star that maintains its H-envelope, so a candidate

can be a MS star or a Red Giant. Also, it has to be at a close distance to the WD, in order for the
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Figure 1.13: The Supernova classification scheme based on optical spectroscopy and light curve (LC)

shape. Credits: Vink (2004).

extremely dense WD to exert strong gravitational pull onto the H-atmosphere of its companion
star, accreting matter from it. Progressively, the WD’s mass increases over the critical limit
of 1.4 My, (WD’s density reaches 2 x 10° gr cm™3), which means that the electron degenerate
pressure in its core can no more withstand the increasing gravity. The core gets compressed
and its temperature increases to the point that fusion reactions turn on again. An explosive
burning flame starts to propagate outwards, behind which material undergoes explosive nuclear
burning. The composition of the ashes depends on the maximum temperature reached behind
the flame, which decreases as the burning front crosses layers of lower and lower densities
(although still degenerate). The composition is mainly “°Ni in the central parts which in turn
decays into Fe, with progressively lighter elements (Ca, S, Si, etc) in more external layers. This
is in agreement with the elemental stratification presented in the spectra of Type la, with an

inner ejecta layer consisting of Fe and the outer ejecta of mid-Z (atomic number) elements (Vink

2004).

Finally, the WD explodes as a carbon-detonation supernova (thermonuclear explosion). The
total energy released by nuclear burning is of order 10°! erg, which is sufficient to overcome
the binding energy of the White Dwarf in the explosion. Therefore, the progenitor star gets
completely disintegrated, no stellar remnant remains, while its companion star is pushed away
due to the explosion and is now called a “runaway star”. So, the nebulae from Type Ia SN host

no star in their interior, in contrast to the Type Il (Core Collapse SN) where the progenitor star

49



is still there, transformed either to a neutron star or a black hole (see Section 1.6.3).

Although the WD accretes H (and perhaps He too, if it is present) from its partner star, its
spectra after the explosion shows almost no H at all. The reason is that the strong gravity
at the WD’s surface (where the new arrived H is deposited on) compresses H to densities and
temperatures high enough to fuse it into C and O. However, the main product of the fusion is

Fe which is dumping into the ISM through the explosion.

ii) Double degenerate system:

In this scenario, the companion star is also a C-O White Dwarf, and the two WDs are
orbiting one another. Due to a process called common envelope evolution, the two WDs merge
together, the mass of the system exceeds the Chandrasekbhar limit and the system explodes,
following the thermonuclear explosion described in the “Single degenerate system” mechanism.
However, there is a main doubt about this scenario with regards to whether the C-burning
initiated by the WD merger leads to the required burning and explosion of the merged White
Dwarf, or proceeds quiescently and results in a core collapse SN.

Type la SNe occur in galaxies of all types, including elliptical galaxies which only contain old
stellar populations, indicating that SNe la can have long-lived, low-mass progenitors. They are
also used as “standard candles”, i.e. objects of known, absolute brightness used for distance
indicators. Because the exploded stars are C-O White Dwarfs and their explosion is triggered
near the Chandrasekbar limit, they are characterized - more or less- by the same luminosity.
Their consistent peak luminosity indicates their distance from Earth and subsequently the dis-

tance of their host galaxy.

Nova: In the case of a close binary system with a White Dwarf as the one component, there
is the possibility the amount of the accreting H mass onto the surface of the WD from its partner
star not to be enough for the limit of 1.4 Mg, to be exceed. In this case, the layer of H created
on the WD’s surface is squeezed more and more by the continually added H and by the strong
gravity of the WD, its temperature and density rise and finally H becomes degenerate. Even-
tually, conditions of pressure and temperature become extreme enough that hydrogen burning
begins, resulting in a powerful nuclear fusion explosion on the surface of the WD, during which
almost all the H mass that has been accreted is thrown off. After a while the WD calms down,
and additional explosions can occur when H mass transfer begins again. The difference with
the Type la SN is that now the WD is not destroyed, but follows an accretion-explosion cycle,

a phenomenon called recurrent nova (e.g. Harvey et al. 2020).
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Type la Supernova

TODAY 40 million years 60 million years 61 million years
from now from now from now

Double Degenerate system

Figure 1.14: (a) Single Degenerate scenario: A white dwarf (on the right) fed by a normal star (on the left)
reaches the critical mass of 1.4 M, and (b) explodes as a Type la supernova. Image Credit: NASA/CXC/M
Weiss. (c) Double degenerate scenario: Tiwvo white dwarfs orbiting one another. In the future, their orbits

will get smaller and smaller, and faster and faster, until someday they merge and explode as Type la SN

too. Image Credit: NASA/GSFC/D.Berry

1.6.3 Type Il Supernova - Core Collapse explosion

In Section 1.3 we were at the stage of evolution of a massive star (8 Mo < M <20 M) where
He has been burned into C at its core. After this phase (point 2 in Fig. 1.15), the weight of the
outer layers of the massive star is sufficient to force the C core to contract until it becomes hot
enough to fuse C into O, Ne, Na and Mg (point 3 in Fig. 1.15) (remember that in low-mass stars
the nuclear burning ceases at the point of C or C-O formation, due to the much lower gravity

that the star exerts on its core, which leads to much lower temperatures).

This conversion into heavier elements occurs through the alpha process in which each

heavier element is created from the reaction of He with the product of the previous reaction®.

6Remember that in the beginning, He fuses into C through the triple alpba process - see Section 7.1, Fig. 7.1.
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For example:

BPC+%He — 0 +7v (1.6)
0+ 3He — INe+y (1.7)
29Ne + jHe — Mg +7y (1.8)

What follows is a cycle of core contraction, heating of the lighter elements in shells around the
core, ignition of these elements, exhaustion of each nuclear fuel in the core and transformation
into heavier elements, new core contraction until it reaches a new temperature high enough
to fuse the even heavier produced nuclei, and so on. This procedure halts, when Iron (Fe)
is formed. Over time, the internal structure of a massive star resembles that of an onion
consisting by an Iron core, and layers of elements layered over each other. As we move
from the center and outwards, fusion reactions are still taking place in these layers/shells of
decreasing temperature, where we meet nuclei of progressively lower mass, i.e. silicon and
sulphur, oxygen, neon, carbon, helium, and finally;, hydrogen (point 4 in Fig. 1.15).

A detailed analysis with respect to the Fe-burning at the center of the star, is presented
in Section 7.3. For now we can say that the Fe-burning, which is an endothermic chemical
reaction, leads in the end to the collapse of the inner core of the star under its own gravity;,
producing a massive explosion which is called a Core Collapse /CC SN explosion or Type II
Supernova. This explosion signals the end of the life of a massive star that collapses under
its own gravity leaving behind a neutron star, on condition that the mass of the star after the
explosion is 1.4 Mp< M < 3.2 Mg. (if M > 3.2 Mg, a black hole is created - see Section 1.5).
The energy released during the explosion is of magnitude ~ 10°'erg, and is so strong that in
some cases can overshadow a whole galaxy. In Fig. 116, one case of Type Il and two of Type
la SN are illustrated where clearly the SNe events are distinguished with respect to the rest
galaxy due to their extreme brightness.

Type Il SNe occur in the spiral arms of spiral and irregular galaxies. These are regions
where star formation takes place, massive stars exist and young stars of Population 17 usually
live. They are not found in elliptical galaxies though.

Fig. 1.17 illustrates the two mechanisms of SN explosions, Type la (thermonuclear explosion

of a White Dwarf, see Section 1.6.2) and Type Il which was discussed in this subsection.

7Population I: Young stars formed during the later stage of the universe when the heavier elements were already
abundant in space. This is why they are metal-rich. They are more commonly found in the spiral arms of the
Milky Way galaxy. Population II: Older stars formed during an earlier time of the universe when heavier elements
had not yet been formed. This is why they are metal-poor. They can be found in the galactic halo and in Globular

clusters too (classification by Baade 1944).
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Figure 1.15: On the left: Stratification of the chemical elements in the inner structure of a massive star,
starting from the H fusion (I) and ending with the Fe formation (4). On the right: Time duration for some
of the intermediate phases of elements transformation. Also, an example for temperature and density in

two shells in the interior of a 25 My, star.

Sub-classification of Type II SNe:

Although the explosion mechanism for Type Il SNe is common and is based on the gravita-
tional collapse of the massive progenitor star, Type Il are classified in the following subcategories:

i) On the basis on the presence or absence of the outer hydrogen and helium shells before
the explosion (Fig. 1.18):

Type II: H and He emission lines are both present in their spectra, which indicates that SNII
retain both their hydrogen and helium shells prior to the explosion.

Type IIb: They present a weak H line in their initial spectrum. Later on, H line becomes
undetectable and their spectrum closely resembles that of a Type Ib supernova, i.e. no H, but
He lines present in the spectrum. The progenitor could have been a massive star that lost a

major fraction of its H envelope before exploding, either due to ejection or due to interactions
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scott MacNelll, Frosty Drew Observatory Scott MacNelll, Frosty Drew Observatory

Figure 1.16: a) The very bright Type Il supernova SN2020jfo in the galaxy Messier 61 (bright spot marked
in the image), observed on May 15, 2020 as recorded by Raman Madhira from Ray’s Astrophotography
Observatory. A 1l inches RASA telescope plus a colour CMOS was used. b) Hubble Space Telescope-Image

of the Type Ia SN 1994D (SN1994D) in galaxy NGC 4526 (SN 1994D is the bright spot on the lower left).
¢) Cigar Galaxy (M82) on January 4, 2014, and d) M82 a few days later when the Type la SN designated
as PSN J09554214+6940260 exploded (the SN is marked with two vertical lines).

with a companion in a binary system, leaving behind the core that consisted almost entirely
of helium. As the ejecta of a Type IIb expands, the hydrogen layer quickly becomes more
transparent and reveals the deeper layers. The IIb class was first introduced (as a theoretical

concept) by Woosley et al. (1987).

Type Ib: Their spectra show neither Si 6347, 6371A absorption lines (typical of Type la
spectra), nor H lines too, but there is obvious presence of He absorption. So, it is believed that
they result from the core-collapse of a massive star, which appears to have lost its hydrogen
envelope prior to the explosion but managed to retain its helium envelope. The envelope loss
can be attributed to strong stellar winds, to a mass transfer in a close a binary system, or a

combination of both.
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Figure 1.17: The two different mechanisms leading to a SN explosion. On the left: Type la SN caused by

¢

the explosion of a C-O white dwarf following a mass transfer event. On the right: A Type Il SN develops
at the end of the life of a massive star whose core collapses, thereby triggering the explosion (Source:

Peter Palm).

Type Ic: This type appears no H nor He absorption lines in their spectra. It seems they have

lost both their hydrogen and helium envelopes through some mechanism prior to the explosion.

ii) With respect to the shape of their light curves after the maximum brightness (Fig. 1.19):

Type IIP: The light curve presents a distinctive flat stretch or plateau (P stands for the
“plateau”) during the decline after the maximum brightness, representing a period where the
visual luminosity stays relatively constant for several months before the decline, and decays at
a slower rate.

Type IIL: The light curve for a Type lI-L supernova shows a steady, linear (L stands for

“linear”) decline following the peak brightness.
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Core-Collapse progenitors

Type II Type Ib Type Ic
H and He shells He shellonly,  no H nor He shells
no H shell

Figure 1.18: SNe of Type II, Ib and Ic, all result from a core collapse of a massive star. The differences
arise depending on whether the progenitor has lost or retains its H and He shells before the explosion.

Image Credits: © Swinburne University of Technology.

1.6.4 Supernova Remnants (SNRs) - Dynamical evolution

We present the basic evolutionary stages of a Supernova remnant (SNR) generated from a
Core-Collapse SN. A general guideline has been given by Woltjer (1972), where SNR’s evolution
is divided in the following 4 phases:

l. Free expansion or ejecta dominated phase, which lasts for a few hundreds years after the

explosion
2. Adiabatic or Sedov-Taylor phase, for the next ~ 20.000 years
3. Radiative or “snow-plough” phase, up to 500.000 years

4. Merging phase

We assume the most simple case, that is a non-rotated progenitor star, which undergoes a
symmetric explosion, and whose stellar debris expand equally and isotropically into a homo-
geneous and uniform ISM (i.e. no clouds or density gradients). We also neglect the effects of

relativistic particles (cosmic-ray acceleration) and magnetic fields.

1.6.5 Phase I: Free expansion phase or ejecta driven evolution (M,; > Mj,)

This phase is characterized by the free propagation in the CSM/ISM of the stellar material
expelled from the star after its Supernova explosion. The released energy, E, = 10°! erg,
is consumed into kinetic and thermal energy of the stellar ejecta. The radiation emission in

the optical at this phase is negligible, therefore it can be termed as adiabatic (Reynolds 2017)
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Figure 1.19: Light curves of Type la SN (White Dwarf supernova) and Type Ib, IIP and IIL (massive star

supernova).

(adiabatic — no energy loses through radiation). The propagation velocity of the expanded
gas-shell, which is of the order of V; ~ 10* km s~!| is incomparable higher to the sound speed
in the local ISM8. Therefore, between the front of the stellar ejecta and the ISM, a shock wave is
created ( forward shock or blast wave ) which drives the propagation of the expelled gas-shell
into the surrounding ISM (Fig. 1.20). A shock front constitutes an interface through which mass
flow can occur (in contrast to a contact discontinuity where no mass transfer happens). So,
as the shock wave travels through the ISM, the gas-shell sweeps up / absorbs the ISM that
meets on its way, without however getting involved with this material. This material, hereafter
called “shocked ISM” (region 2 in Fig. 1.20), is now compressed and heated, moving to the same
direction as the forward shock front, but at a velocity V; lower than the latter. In particular,
Vi = (3)V, (see description below, about Rankine-Hugoniot equations).

At this stage, the mass swept up by the shock wave (My,) is negligible compared to the
mass ejected from the star (M,;) (M,; > Mj,), and this is why the expansion moves on at a
constant velocity without deceleration (free expansion phase).

If there was no interstellar material in the vicinity of the star, then the expelled gas would
continue its free propagation at velocities as high as V; = 3 x 10* km s~'. But ISM is present

(with a typical value of density p = 1.7 x 1072* gr cm3°) forcing the stellar ejecta to propagate

8Remember that ISM mainly consists of neutral (H 1) or ionized (H II) Hydrogen. Typical values for the sound

speed in these regions are: ag; ~ 1.2 kms! and oy ~ 17 kms™L.
9ISM density p = noxmg = 1.7x 1072 grecm™3, where no = 1 cm = is the arithmetic density of H in space and
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Figure 1.20: Stratification of the expanding shell of a SNR, from the point of explosion up to the outer

forward shock wave front. For description of the regions | to 4, see Section 1.6.4.

at lower velocities. In particular, we meet average velocities of 10.000 km s~! for Type la
events and 5.000 km s~! for CC explosions (Reynolds 2017).
The radius R, of the remnant (which is the distance of the shock front from the explosion

center) and its age at this phase (which, in practise, is the time of evolution of phase I), can be

MSW
o= (M) "
R

4
= (§ (1.10)

where p is the ISM density, Mj,, is the mass of the shocked ISM at the end of phase I, V is

calculated by the following equations:

(L11)

the volume occupied by the SNR when its radius is Ry, V; is the velocity of the shock wave and
t is the time duration of phase I, i.e. the age of the remnant at the end of phase 1.
To set an example: if we consider My, = M,j =5 Mg, p = 1.7 % 1072* grem™ and V, = 10*

kmsec™!, the above equations give: R; ~ 3.6 pc and t; ~ 350 yr. In other words, this phase

my is the mass of H atom.
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will end after 350 yr from the explosion, when the gas-shell will be at a distance of 3.6 pc
from the exploded star. In general, the free expansion phase lasts about ~100 — 1000 yr. An
example of a SNR which is at this evolutionary phase, is the Galactic SNR Tycho (the remnant
of the supernova SN 1572) with an estimated age of ~450 yrs.

When the mass swept up by the shock wave (Mj,,) is equal to the ejected mass (M, ;) from the
star, then the stellar ejecta begins to decelerate and this signals the end of the free expansion

phase. Phase | ends after time:

1
~ M,; (3) n, \ ()
£ =200 <W@) (=) 7 on) (L12)
while the radius R of the remnant after the end of Phase [ is given by the equation:
1
_ M,; (3) n, \(3)
R=2 ( M@) (=) " (pe) (L13)

1.6.6 Phase II: Sedov-Taylor or adiabatic phase (M, > M,))

After the end of the free expansion phase, the gas-shell continues to expand absorbing more
and more ISM (shocked ISM in region 2 of Fig. 1.20). At the point of which the shocked ISM begins
to exceed the stellar ejecta (M, > M,j), the deceleration of the expelled shell begins. However,
its velocity still remains higher than the local sound speed of the ISM, which means that the
forward shock wave described in Phase [ is still present, acting like a spherical, supersonically
moving piston which drives the expansion of the gas-shell. If we assume that the mass of the
ISM before the explosion was initially “contained” in a sphere of radius R (at the center of which
the star was located) and had a density py, now this material has all been absorbed by the
shock wave and compressed into a thin and dense shell of thickness ~ 0.1R and density p; =
4pp. This is exactly the shocked ISM described in Phase I, but now located in a thin shell behind
the shock front (region 2 in Fig. 1.20, not in scale).

The radius and the velocity of the forward shock, which in practice are the same as these

of the expanding shell, are given by the Sedov-Taylor equations:

Sedov-Taylor equations: Taylor (1950) and Sedov (1959), independently presented the math-
ematical approach of a point explosion in a uniform medium of density p, and studied the
propagation of the produced adiabatic shock wave into this ambient medium. This analysis
can be applied for a massive explosion (Supernova) in a very small place (R = 0) within a very

short time scale (r = 0), in the limit where the swept-up mass (Mj,) exceeds the SN ejecta
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mass (M, ). According to their analytical self-similar solutions (i.e. later time solutions which
depend on both r and ¢, are a scaled-up version of the system at an earlier time), the general
equations that can describe the radius and the velocity of a SNR which propagates spherically

in a homogeneous ISM, are:

R, = o™ (1.14)
V, = 881? = mat™ ! (L15)

where m is a constant number (expansion parameter), while ¢ is a constant depending on

the physical parameters of the system, i.e. energy Ey and density po.

In phase II, constant o = (%)é while constant m = Z. Therefore, equations 114 and 115
give:
2E,\ 3
R, = ( ) 3 (116)
Po
IR, _ (2 (2E,\* ()
Y= ot B (g) ( Po ) e (L0

On both sides of the forward shock (regions 1 and 2 in Fig. 1.20), mass, momentum and
energy are conserved (law of Hydrodynamics), which implies that there is no mass, momentum
or energy accumulation inside the shock wave. The shock is assumed to be infinitely thin, and
this is why a more appropriate term for it would be shock front instead of “shock wave”. How-
ever, both terms are used equally. Rankine-Hugoniot equations are based on the conservations
law of Hydrodynamics mentioned above, and provide the density, pressure and temperature
of the two gases on either side of the shock front, i.e. the undisturbed ISM and the shocked
ISM. Finally, from Rankine-Hugoniot relations, we derive the following equations (derived for

monoatomic gas where y = % = 3 = the ratio of the specific heats of air):

p1 =4po (1.18)
3
P = (Z) poV2 (1.20)

1= (i) (207 (3) (1)

where p is the density, V; is the velocity of the forward shock wave (shock front), P is the
pressure and T is the temperature (note that the shock velocity defines the temperature of the
post-shocked gas). The pre-shock gas is labelled with the subscript O, while the post-shock

gas with the subscript 1. k is Boltzmann constant (k = 1.38 x 10723 JK~!), my is the mass of H
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Figure 1.21: Interstellar cooling curve: it illustrates the cooling rate L, i.e. the energy loss due to radiation

(per volume and per time) with respect to the temperature T (Goudis, Shock waves, 2007).

atom (my = 1.7 x 10724gr), while y is the mean molecular weight of the gas. We assumed that

the shocked ISM is fully ionized (H Il gas), therefore u = 3.
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Why is called “adiabatic phase”: The temperature of the shocked ISM is 7; > 10 K (from
10* K in the ionized undisturbed ISM). In such high temperatures, recombination between free
electrons and ions is very rare to happen due to the high kinetic energy of the particles. This
recombination would have produced optical radiation, which constitutes one of the cooling
mechanisms for the SNR, as this radiation energy finally escapes from the remnant. Conse-
quently, the cooling rate at this stage is very low (see Fig. 1.21) and there is almost no optically
emitted radiation from the shocked ISM. This is why Phase Il is also characterized as adiabatic
(Phase 1 is adiabatic as well), while the forward shock here is termed as “adiabatic” or “non-
radiative”. But, to be more rightful, non-radiative shocks do radiate (at this phase in the X-ray
band), but little of the energy dissipated in the shock is converted into radiation. Therefore,
non-radiative shocks are faint compared to the radiative shocks. So, as practically no energy
is lost in radiation, all the initially released energy (E, = 10°! erg) of the explosion is partially
used as kinetic energy for the shell expansion (Ey;, = 40%E,), while the rest of it is consumed
as thermal energy of the gas of the expanding shell (E,,, = 60%E,). Therefore, in Phase Il

energy is preserved.

Reverse shock formation: In the meanwhile, the star keeps ejecting material from its center.
This stellar ejecta falls onto the decelerated, dense shocked ISM shell, it is reflected from this
obstacle-shell and a second reverse shock is formed (McKee 1974) which is moving accelerated
towards the center of the explosion, as it meets regions of lower and lower density (Fig. 1.20).
Now, the ejecta that is still coming from the star, meets the reverse shock front, passes through
it, it gets absorbed and compressed by it, and finally decelerated in a zone which is called
“shocked ejecta” zone (region 3 in Fig. 1.20). As time progresses, the reverse shock continues to
move towards the center, heating the gas in region 4 of Fig. 1.20 at temperatures T = 107 — 108
K. The cooling rate of this gas is very low (Fig. 1.21), and the radiation emitted from this very
hot and tenuous gas (coronal gas) is in the soft X-ray band ( <10 keV). This is the only kind of
radiation observed in Phase Il. However, this radiation emission is not significant with respect

to the total explosion energy, and this is why we consider no energy loss at this stage.

1.6.7 Phase III: Radiative phase (Snow-plough phase)

Transition from Phase II to Phase III:
Over time, the temperature of the shocked ISM decreases. We can see this by substituting Eq.

1.I7 into Eq. 1.21, from which we derive a relationship of the temperature T; of the post-shock
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gas (region 2 in Fig. 1.20) with respect to the time ¢ of evolution:

—6

T, = const. Xt5 (1.22)

We see that as evolution time t progresses, Ty reduces, which means that the cooling rate
becomes important (according to the cooling curve of Fig. 1.21) and optical radiation can now
be emitted from the shocked ISM. Generally speaking, radiation losses begin when temperature
Ty falls below ~10° K, in which case Oxygen emission line becomes an important coolant.

In order to have a sense of the time scaling of this procedure, it would be useful to compare
the cooling time t. with the evolution time 7 of the remnant. The cooling time t. of the

post-shock gas is related with its temperature Ty by the equation:

= ( 3k )Tﬁ (1.23)

4n,A
where n, is the arithmetic density of the unshocked ISM, and A a parameter related to the
cooling function A(T). By substituting Eq. 1.22 into Eq. 1.23, we derive a relationship between
the cooling time t. and the evolution time ¢, i.e. the age of the remnant, or else its expansion

time:
t. = const. X () (1.24)

Eq. 1.24 implies that as evolution time ¢ passes, the time 7. in which the post-shock gas
cools down, reduces. In other words, progressively, the shocked ISM will cool down faster than
the shell will expand and, due to its cooling, this post-shock gas will begin to emit radiation.
But, before that, there will be a moment at which the cooling time will be equal to the age of

the remnant, and that would be:

-8
le = tyge = CONSE. X Eoﬁp(g ) (1.25)

For this critical moment when #. equals #,4., the expansion velocity of the shell Vs and the
radius Ry of the forward shock (i.e. the radius of the remnant) are given by the Sedov-Taylor

equations:

L

Vi = const. x Eo13p] (1.26)

-3
R, = const. x Eo%pg( 7) (1.27)

0~2% grcm™3, adiabatic

Typically, for explosion energy E, = 10°! erg and ISM density p, = 1
phase lasts for about 3 x 10* yr, at the end of which the velocity of the forward shock wave
drops at the value of V; = 250 kms~!, while it’s radius is about Ry = 20 pc. From this point and

on, the previously adiabatic shock wave of Phase Il is now becoming a radiative (or luminous)
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shock in Phase Ill. This signals the end of Phase Il (energy conservation) and the beginning of
Phase IIl (energy loss due to radiation / momentum conservation), which is also called Radiative
Phase or Snow-plough phase.

Phase III:

This cooling stage can roughly be described by two successive phases: i) Pressure-driven
phase and ii) Momentum-driven phase, depending on when the shocked ejecta radiates (or not)
during the evolution, something that is related to its velocity.

Pressure-driven phase or snow-plough phase or Energy-driven model:

Between the shocked ISM and the shocked ejecta (regions 2 and 3 respectively in Fig. 1.20),
a contact discontinuity is formed. This is a surface between materials of different composition
and entropy, on both sides of which pressure remains relatively constant, but no mass flow
occurs.

If the velocity of the shocked ejecta is greater than a critical value (Vy,oj > Verisicar) (Goudis,

Dynamic Interstellar Phenomena, 2007)

1

M 9 _
Veriticar = 100n, X (106 M® yrl) kms ! (1.28)

then it’s temperature is so high (T ~ V;?) that the gas cannot cool down due to radiation
emission, but only through energy flux from region 3 to region 2 due to adiabatic expansion
of the former. In other words, the shocked ejecta acts like a thermal, adiabatically expanding
piston (no energy losses), whose thermal pressure exerts force onto the shell of the shocked
ISM, pushing the latter to move outwards like a snow-plough mechanism does (Fig. 1.22),
always keeping constant the relative pressure between the shocked ejecta and the shocked ISM
(pressure-driven or snow-plough phase).

At the same time, the density in the shocked ISM region increases due to the continuously
incoming unshocked interstellar material. This, in conjunction with the temperature decrease
over time in the shocked ISM (Eq. 1.22), leads to the decrease of the cooling timescale, as Eq.
1.23 implies. As the post-shock gas cools down, the recombinations between free electrons and
ions are allowed, and the gas-shell loses energy through optical radiation emission'© (radiation
loss in the shocked ejecta is considered negligible). Therefore, the adiabatic shock wave of
Phase Il turns now into a radiative shock.

It is worth mentioning that the high temperature in the adiabatic waves of Phase II is
responsible for the high thermal energy of their free electrons, i.e. their high mobility, which

resists to the compression of the shocked gas. On the other hand, the gas in the radiative

10For further description of the radiation mechanisms in SNRs, see Section 1.8.
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Figure 1.22: The “Snow-plough’ model of Phase Il in SNRs evolution. The shocked ejecta pushes
forward the shocked ISM in the same way as the snow-plough vehicle pushes away the snow. The

contact discontinuity separates the two regions of shocked ISM and shocked ejecta.

shocks of Phase Il is now dense (compressed), due to the energy loss through radiation which
enables its compression (Goudis, Shock waves, 2007).

Finally, in order for the shocked ISM to retain the pressure balance with the shocked ejecta
that pushes the former outwards, this dense shell of the post-shock gas collapses in a very
thin layer that moves along with the shock front. At this stage, the radius of the expanding

shell is given by the equation (Goudis, Dynamical Interstellar Phenomena, 2007):

SSINY

E, 0.23 n, 1-026[ ¢
R(r) = 19pe {m] = [m@r} (1.29)

However, Cioffi et al. (1988) argued that the above expression R ~ t7 does not accurately
describe the expansion in radiative phase. Therefore, they presented an improved oftset power-
law analytic solution for the pressure-driven expansion, according to which the radius of the

remnant is given by the equation:
R(t) ~ 110 (1.30)

The pressure-driven phase comes to an end when the internal driving pressure vanishes
due to radiative cooling. After this point, the SNR enters the second part of Phase IlI, called the

Momentum-driven phase, which is described below.
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Momentum driven model:

As time progresses and the whole remnant expands radially, there will be a point at which
the velocity of the shocked ejecta will be lower than the critical value (Vg 0j < Veyiricat): As a
result, its temperature is also reduced, and the shocked ejecta cools down and loses energy due
to the emission in the optical''. Consequently, there is no pressure any more of the thermal
energy of the shocked ejecta over the shocked ISM (it is lost due to radiation emission). In this
case, the shocked ejecta and the shocked ISM are pushed forward due to the momentum of
the unshocked ejecta that is transported on them through its incidence on the reverse shock
front. This is called “momentum-driven model”, and the radius and velocity of the remnant

are given by the equations (Oort 1951):

R(t) ~1 (31)
V(t)~t% (132)

We can note that the exponent 0.3 in the Eq. 1.30 given by Cioffi et al. (1988), is included in

the general expression or the remnant’s radius:
) 1 2
R (t) ~ t" where 2 <n< 3 (1.33)

We see that the exponent n which defines the time dependence of the shell expansion, is
between the value % in the adiabatic Phase Il during which the energy is preserved, and the

value § in the radiative Phase Ill during which the momentum is preserved.

1.6.8 Phase IV: Merging - Dissipation phase

As the SNR ages, it loses energy through radiation and it’s expansion rate slows down.
When the speed of the expanding shell drops to the values of local sound speed of the ISM,
i.e. ~ 10 kmsec™!, then the pressure of the gas in the interior of the shell equals the pressure
of the ISM outside of the remnant. Consequently, no further shell-expansion can occur, the
shell falls apart, cold ISM gas intrudes into it and fills the SNR’s cavity for the next ~ 10° yr.
Progressively, the remnant merges with the ISM up to the point that totally dissipates in space.
All the elements produced during the SN, are now mixed with the ISM (chemical enrichment of
the local environment).

Fig. 1.23 illustrates the 4 evolutionary phases of a SNR, summarizing the values for the

parameters of radius, explosion time and velocity:.

1A general conclusion from this analysis is that interstellar shocks with V; >250 km s ~! do not radiate efficiently,

while when V; < 250 km s ~! are in practise radiative shocks (Goudis, Dynamical Interstellar Phenomena, 2007).

66



T 7 T T L | | LA p
Blast wave | . 'Merging]
V=CONst. : : \r=const ]
T-10°K ' T-10°K ‘ T-10°K
10°? v-10‘km s v-200kms' v-10kms'
oo Tt T e
Velocity ~t ]
|
~t;“, |
I Momentum
10"k conserving <
b . m
Pressure-driven o
o 0
:.’; -410 .'Z’
5 B
© 3
(o -
~t ~ 10
10"
Radius
10° A | A | A | z-- 310
10° 10° 10 10°

Time since explosion (years)

Figure 1.23: The four phases of the evolution of a SNR. We see that, as the radius of the remnant

increases with time, its expansion velocity decreases. Credits: Padmanabhan (2001), Wilms (2012).

1.7 Classification of SNRs

SNRs are classified with regards to their morphology and their spectra. Both are strongly
depended on the properties of the progenitor star whose explosion gave birth to the remnant,
and on the environment in which this massive explosion took place. Wind-bubbles around the
star (cavities formed from the strong stellar winds of the progenitor - Section 1.9), magnetic
fields, molecular clouds and density variations in the CSM/ISM are some of the factors that
can influence the shaping of a SNR. On the other hand, their spectra, i.e. the emission line in
which they emit radiation, depends strongly on the above factors, but also on the evolutionary
stage at which the SNRs are observed. A general “rule” is that young SNRs show strong X-ray
emission, while evolved SNRs emit strongly in the optical band. However, there are some

exceptions, as we will see below.

Despite the great morphological and spectral variety they present, SNRs have broadly been

67



classified in the following categories:

l. Shell-type: As the shock wave of the SNR propagates into space, it heats up the local
ISM creating a shell filled with hot gas. In three dimensions, they are spherical shells, but
to us they seem like bright ring-structures. That’s because, along the line of sight, almost
all of their shocked material is gathered at their edges rather than in their central region
(limb brightening phenomenon). An example of a shell-type SNR is EO102-72 in the Small
Magellanic cloud (Fig. 1.24a).

2. Crab-type: They are named after the famous Crab-nebula SNR (Fig. 1.24b), and are
also known as Filled-center SNRs, “plerions” or Pulsar Wind Nebulae (PWNe). The term
“plerion” originates from the greek word pleris (TAnpng) which means filled. They
are filled by non-thermal emission powered by a pulsar star (highly magnetized rotating
neutron star) located at their center. This is why they appear as a filled region of emission
rather than a bright ring as Shell-type do (Fig. 1.24b). They are observed from radio to the
highest-energy y-rays. Their X-ray size is generally shorter than their radio and optical
size due to the smaller synchrotron lifetimes of their higher energy photons (Safi-Harb

2012).

3. Composite remnants: They are a cross between Shell-like and Crab-like nebulae. They

are subclassified as:

Mixed-Morphology (MM): Also known as thermal Composites. They are characterized
by a shell-like morphology in the radio, and a centrally filled thermal emission in the X-
rays (with little or no limb-brightening). Their emission arises primarily from swept-up
interstellar material, not ejecta (Rho and Petre 1998). An example of a MM SNR is the IC443
(Fig. 1.24c).

Plerionic Composites: They show shell structures with a central region filled both
with radio and X-ray emission. An example in this category is G21.5-0.9 SNR (Matheson
and Safi-Harb 2010) (Fig. 1.24d).

4. Balmer-dominated SNRs: The optical spectrum of a SNR exhibits forbidden lines ([NII],
[O1II], [S1I]) as well as the H Balmer series (Section 1.8.5). However, there are some SNRs
that they are characterized by the presence of strong Balmer lines emission (e.g. Het, Hp,
Hy), along with Lyman series, He [ and He Il lines, and lines from more massive elements in
the UV, but show little or no evidence of forbidden lines seen in radiative shock spectra.
Chevalier & Raymond (1978) proposed that these lines are emitted when the shock front

sweeps up the neutral H and the other neutral elements that are present in the proximity
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Figure 1.24: a) Colour composite of the shell-type SNR EO102-72: X-ray in blue (NASA/CXC/SAO), optical

filamentary structures in green (NASA/HST), and radio in red (ACTA). b) Crab nebula with the pulsar at
its center: the Chandra X-ray image is shown in blue (NASA/CXC/SAO/F.Seward), the Hubble Space
Telescope optical image is in red and yellow (NASA/ESA/ASU/J.Hester and A.Loll), and the Spitzer Space
Telescope’s infrared image is in purple (NASA/JPL-Caltech/Univ. Minn./R.Gehrz). ¢) MM SNR 1C443: red
shows radio emission and blue shows X-ray emission. The radio emission is distributed in a shell while
the X-ray emission is center-filled (image credits: Jonathan Keohane). d) The Plerionic SNR G21.5-0.9:
the 22.3 GHz radio data are here shown in red and overlaid with the 0.2-10.0 keV X-ray data shown in
blue. The cross indicates the position of the pulsar PSR J1833-1034 (Matheson and Safi-Harb (2010)).

of the SNR, in front of the shock (upstream region). In order to have neutral regions
around a SNR, its progenitor star cannot be of Type II, for they cause strong ionization
of the region. Therefore, it is believed that the progenitors for these SNRs are of Type
la, because they don’t produce so much energy, so neutral elements can survive. Two

typical examples of this classification are the SNRs Tycho and NIO3B (Fig. 1.25).

SNRs of irregular morphologies:

The SNRs categories mentioned above are the basics ones, and of course they cannot
cover the whole range of morphologies observed in these objects. The morphology and the
kinematics of a SNR may be influenced from a variety of factors. Some of them may be related to
the CSM formed from the progenitor star during the pre-explosion era (stellar winds and wind-
bubbles, rotation of the star, supersonic movement of the star). Some others are attributed to
the physical properties of the ISM the SNR is propagating into after the SN explosion (density
and/or temperature variation, molecular clouds, dust grains). SNRs of peculiar morphologies and
with a complex velocity field are of great scientific interest for they carry crucial information,
the decoding of which provides valuable clues about the progenitor star and its environment.
The MM SNR VRO 42.05.01 belongs to this category, and this is why it was chosen as a case
study for this Thesis (see Section 5).
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Figure 1.25: Image (a) shows the Tycho SNR (Chandra X-ray Observatory), while in (b) its spectrum
is illustrated with dominant the Ho emission line (Smith et al. 1991). Image (c) shows the SNR N1IO3B

(Chandra archive Collection), while in (d) its spectrum is presented, where the highly ionized lines of Mg,

Si, S, Ar, Ca, and Fe are labelled (Lewis et al. 2003).

1.8 Radiative emission of SNRs

SNRs are multiwavelength phenomena, whose emitted radiation covers almost all the range
of the E/M spectrum. Traditionally, they are detected as radio sources, but they can present
strong emission in the infrared (IR), optical, X-ray and y-ray wavebands as well, in the form of

both linear and continuum radiation. More specifically:

1.8.1 Radio synchrotron emission

It is emitted from a SNR during its whole lifetime and it was the traditional way that a
SNR detection was based on (Dubner and Giacani 2015 and references therein). Although in
the beginning it was thought that it was thermal radiation, its observed spectrum was not
like the one that H II regions present (thermal black-body). Alfvén and Herlofson (1950) and
independently Kiepenheuer (1950), both suggested that it should be non-thermal synchrotron

70



radiation, i.e. relativistic electrons which emit radiation (linearly polarized and continuum) when
they are accelerated along the spiral lines of force of the magnetic filed of the remnant. This
was later confirmed observationally by the detection of polarization in the Crab Nebula by
Mayer et al. (1957).

The electrons responsible for this radiation can be accelerated at relativistic speeds by two
ways, depending on the SNR type they belong:

1) In Crab-type SNRs: through a pulsar (rapidly spinning neutron star) at the center of the
SNR, which supplies the SNR with electrons over its full lifetime!2. These electrons are accel-
erated in the dynamical lines of the pulsar’s magnetic field, and therefore they emit radiation.

2) In Shell-type SNRs: if there is no pulsar, electrons are accelerated through the diffuse
shock acceleration (DSA) mechanism (Fermi (1949); Bell (1978a); Bell (1978b); Blandford and Os-
triker (1978)). According to DSA, electrons undergo multiple crossings back and forth through
the shocked and unshocked ISM. Due to the velocity difference between the two gases on either
side of the shock, electrons will gain in momentum each time they cross the shock, and will
be accelerated in the turbulent magnetic field of it. Because this procedure takes place at the
region of the shock front, it is obvious that -in this case- the detection of the radio emission
marks the outer edges of the SNR.

In both cases, in order for these electrons to produce radio synchrotron, their initial energy
must be of the order ~ GeV. If it is of the order of ~ TeV, then the produced radiation falls

into the X-ray synchrotron range, as we will see in Section 1.8.3 below.

1.8.2 Infrared (IR) emission

IR radiation in SNRs is related to the dust grains, either present in the ISM or produced
during the SN ejecta (Williams and Temim 2017 and references therein). These are sub-micron
sized (< 1pm) solid particles composed of C, Mg, Si and Fe. Because their size coincides with the
wavelength of blue light, dust grains can be heated by absorbing and scattering UV and optical
blue light (much more efhciently than red light). A second way of dust heating is by direct
collision with energetic particles. In both cases, grains are heated in equilibrium temperatures
of 30— 50 K or more, which means that when they cool down they radiate predominantly in
the mid-far IR (50 — 100pm), either as linear emission or continuum emission as we will see
below (remember that E = (%) kT = hv (J)).

There is also the case of relativistic electrons in shock waves, whose acceleration produces

non-thermal synchrotron IR radiation.

123]though a neutron star consists mainly of neutrons, it contains protons and electrons as well.
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Young SNRs: As we saw, their post-shock waves emit mostly in the X-rays ( high temper-
atures — no recombinations — non-radiative shocks). But since dust grains are not efhcient
absorbers of X-rays, their heating now is dominated by collisions with hot electrons and ions
in the post-shock gas. As dust cools down, it re-emits significant IR emission as thermal
continuum.

Older SNRs: Here, the slow shocks (< 200 kms~!) can emit significant amounts of optical/UV
radiation due to the rapidly cooling gas in the post-shock environment (radiative shocks). This
radiation is absorbed by the dust and re-emitted as line thermal emission from atomic gas
(Fe, O, Si and Ne) and shocked molecular gas (mostly Hy). Virtually all of the IR emission from
older remnants is dominated by swept-up ISM dust.

Most remnants show a mix of continuum and line emission sources, as we can see in the

case of Kepler SNR (Fig. 1.26).
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Figure 1.26: Spitzer mid-IR spectrum of Kepler’s SNR. The continuum results from warm dust at ~ 100

K. Several emission lines from low-ionization state ions are also visible (Williams and Temim 2017).
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1.8.3 X-ray emission

X-ray radiation in SNRs is observed in the regions where the gas temperature is ~ 108 K

and/or high energy electrons are spiralling in the magnetic field of the SNR. It is broadly divided
into thermal and non-thermal emission. Below we present the basic mechanisms that produce
this radiation, while detailed description can be found in Vink (2012), Vink (2017) and Reynolds
(2017).
Non-thermal X-ray emission It is produced from synchrotron radiation, observed in both
Crab-type and Shell-type SNRs (and their composition types). It is the same mechanism
discussed in Section 1.8.1, with the basic difference that now electrons are of much higher
energy and therefore they produce X-ray synchrotron instead of radio-synchrotron radiation.
More specifically:

Crab-type SNRs: Relativistic electrons of ~ TeV are expelled from the central pulsar star
and accelerated through its magnetic field lines. The result is linearly polarized continuum
radiation in the hard X-ray band (> 10 keV) (non-thermal synchrotron radiation).

Shell types SNRs: As there is no pulsar to generate relativistic electrons, X-ray synchrotron
here reveals the location of active particle acceleration, which is the region of the forward shock
front. So, in shell-type remnants, electrons are accelerated in ~ TeV energies, through a back
and forth movement into the turbulent magnetic field of the shock front (DSA mechanism
described above in Section 1.8.1), obtaining by this way the proper energy in order to produce
X-ray synchrotron radiation.

In Fig. 1.27 on the left part, the SNR G 1.9+0.3 is illustrated, where is clearly shown the

X-ray radiation from the shell (in orange), and the radio emission from its central part (in blue).

Thermal X-ray emission It is observed in the post-shock heated ISM, and is composed of
a continuum radiation along with linear emission (Fig. 1.27, right part). These are generated

through the following mechanisms:

Thermal continuum emission:

1) recombination continuum (free-bound emission): a free electron is directly captured
in an energy state n of an ion, while a photon is emitted. If the recombination happens in a
ground level, the energy of the released photon is the ionization energy of the recombined ion.
For recombination in higher levels, the energy of the emitted photon is that of the excited state.

2) thermal bremsstrahlung (free-free emission): a free electron inserts into the Coulomb

field of a positive ion and “collides” with the ion (passes too close from it). The electron
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decelerates without being captured by the ion, and due to its deceleration it emits radiation.
3) two-quantum or two-photon emission: In H atom, the energy level n =2 is in reality
a double state composed of 2s (meta-stable quantum level, i.e. transitions from upper to lower
states are forbidden, that’s why it’s lifetime is very big, of the order of msec) and 2p state.
Electrons from 2p may de-excite to the ground state ls by direct emission of an La photon.
On the other hand, electrons from 2s may arrive at ls, not directly, but by a simultaneous
emission of two photons of random frequency (continuous radiation), the sum of which equals

to the frequency of La line.

Thermal Line emission:

The observed emission lines come from the chemical elements released through the SN
explosion. These are alpha-elements (O, Ne, Mg, Si, S, Ar, Ca) and iron-group elements (chiefly
Fe and Ni and some trace elements with 20 < Z < 28). These lines are in the band 0.5 — 10 keV
for temperatures between 0.2 —5 keV, which is the typical temperature for plasma heated by
SNR shocks, that’s why they are observed in these regions of the remnant. They result from
the classical mechanisms of direct excitation and de-excitation, and/or through ionization and
recombination. Also possible is the case of fluorescence emission. Here, an electron of an inner
quantum state is moving to a higher energy level by a photon absorption. Subsequently, when
this electron is de-excited to an intermediate state, the emitted photon has less energy with

respect to the initially absorbed photon.

1.8.4 Gamma-ray emission

An important source of y-ray (but X-ray too) radiation, is the inverse Compton mechanism.
According to this, an electron travelling at close the speed of light, collides with a lower-energy
photon (from radio to UV). The electron loses energy, while the photon gains energy reaching

a higher frequency and becomes a y-ray photon.

1.8.5 Optical emission

SNRs emit in the optical band, when the adiabatic shock front loses energy, cools down and
finally turns into a radiative shock. This optical spectrum consists of linear emission of Balmer
and forbidden lines, in conjunction with a weak continuum component that extends in all the
E/M spectrum. It basically contains H lines, from the H atoms present in the initially unshocked
ISM which subsequently was swept up by the forward shock, and also emission lines from

heavier elements (mostly O, S and N) which were in the ISM too, or were ejected during the
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Figure 1.27: On the left: the youngest known SNR in the Milky Way (110 years old), G 1.9+0.3,
brightening at both radio (blue) at its center and X-rays (orange) at its edges. Image Credit: X-ray
(NASA/CXC/NCSU/S.Reynolds et al.); Radio (NSF/NRAO/VLA/Cambridge/D.Green et al.2019). On the right:
Emissivity of a pure Si plasma (kT = 1keV). Continuum contribution is due to two-photon emission (red
solid line), free-bound continuum (red dashed line), and bremsstrahlung (free-free emission, red dotted

line). Also shown are the Si-L and Si-K shell line emission (Vink 2012).

SN explosion.

The temperature of the post-shocked gas (hot plasma) in the radiative shock front has
now been reduced to ~ 10* K. Therefore recombinations between free electrons and ions are
permitted, resulting in the optical emission from the radiative shock region. Below we present

the mechanisms which produce this radiation.

Balmer emission lines and continuum radiation: Balmer lines (the most common of which
are Ha and HP) are produced through the “fluorescence mechanism” according to which radi-
ation of low wavelength is transported into radiation of larger wavelength. As an example we
present -one of the ways for- the creation of Ha emission line. A free electron is pulled from
a H ion and we assume that is directly captured in the energy level n =3 (recombination). Due
to this recombination, a photon is emitted in the form of continuous radiation (Paschen series
/ Infrared), with energy equal to the energy of this quantum state (up to now is the case of
free-bound emission mentioned in Section ). The electron of level n =3 wants to end up in the
ground state of minimum energy n =1 and manages this through successive jumps from one
level to the next. At each jump, a photon of specific frequency is emitted (linear radiation).
Transition n =3 — 2 produces the Ha Balmer emission line in the optical. Finally, the transition

n=2— 1 produces an Lot photon (Lyman series / UV band). In the case of the direct transition
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Figure 1.28: Electron transitions between the energy levels for the H atom, and the emitted waveband

for its transition.

of the electron n=3 — 1, a LB photon is emitted, which is about to get absorbed by a neutral
H atom, stimulate it in the n =3 level and so on. Following the same pattern we can see that

the direct transition n =4 — 2 finally produces the HB emission line (Fig.1.28).

Forbidden lines of [O1l], [O III], [N II], [S II]:

The emission of these forbidden lines results from the collisional excitation and spontaneous
de-excitation of the already ionized atoms of oxygen, nitrogen and sulphur (O*, O** N*, S*).

More specifically, these ions were formed through the photoionization mechanism in a pre-
vious evolutionary stage of the remnant at which the temperature was very high (107 - 108 K).
The cross section of these ions in their collisions with the free electrons of the nebula is much
higher with respect to the equivalent cross section of the H ions (protons). In other words,
these ions constitute a bigger target for the free electrons to fall onto them, in contrast with
the protons of the nebula, although the latter are much more in quantity.

The fact that, in the current radiative phase, the temperature of the nebula has fallen to ~
10*-10° K, implies that the energy of the free electrons is lower than 10 eV. Therefore, no H
and/or He atoms can get stimulated in their first energy level'3. The energy distribution of the
free electrons is Maxwellian and it is shown in the left part of Fig. 1.29. In this plot we can see
that, at temperature 10* K, there are electrons with energy 2 —5 eV. This amount of electron

energy is adequate for the excitation of the already ionized atoms (O*, O™, N*, S*) in states

3Remember that the needed energy for the stimulation of an electron in the first energy level, is 13.6 eV for H

atom and 24.5 eV for He atom.
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near to their ground state (Fig. 1.29 on the right). These states are metastable which means
that their de-excitation time is not 1078 sec, but they are characterized by an extremely long

spontaneous de-excitation time of the order of At ~ 1 sec.

Their de-excitation can be achieved by two ways: i) by collision of the electron which
is trapped in the metastable state, with a free electron and ii) by spontaneous decay of the
stimulated electron, in a lower energy level. The first way leads to no radiation emission,
but to rearrangement of the electrons energy. This happens because the free electron that
escapes after the collision, receives the energy of the electron which was in the metastable
state. On the other hand, the spontaneous de-excitation leads to the emission of what is called
forbidden line. This kind of radiation (forbidden lines) is emitted in regions of low density,
where the de-excitation through collisions is very rare to happen. In our laboratories, even the
best achieved vacuum is still dense (10! cm3), so the de-excitation happens through collisions
in the end. The photons which are produced through the spontaneous de-excitation are not
bounded from these ions again, because of the low cross section of these ions in the photon
absorption (in contrast with their high cross section in electron absorption). On the contrary;
these produced photons finally escape from the nebula, rendering this procedure an important

cooling mechanism in the post-shock gas of evolved SNRs.

Comment on a SNR’s spectrum:

At this point we need to clarify that the composition of a SNR spectrum, apart from its state
of evolution, it can also indicate the physical properties of the CSM/ISM the SNR is evolving into.
For example, if at some ambient region the remnant encounters a dense molecular cloud, its
expansion through this area will be hindered and decelerated, contrary to its rest parts which
will properly continue their evolution. This will be depicted on its spectrum as its shock veloc-
ity, the temperature of the shocked region and hence the emitted radiation will be accordingly
affected. Therefore, it is quite common in a SNR to see many wavebands simultaneously, as for
example in the case of the Crab nebula (Fig. 1.30) or CasA (Fig. 1.31). Decoding a spectra is in
the same logic as decoding a peculiar morphology a SNR may present, as it was discussed in

Section 1.7 - Classification of SNRs.

1.8.6 Information from Optical emission

As was mentioned above, optical radiation is emitted when the radiative shock front begins
to cool down. The gas in this post shock region is practically the ISM medium, swept up and

heated up by the shock front. Consequently, the emission lines it presents reflect the com-
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Figure 1.29: On the lefi: The Maxwell-Boltzmann energy distribution of a cloud of free electrons at
temperature T = 10* K. On the right: Electron transitions for N and O, producing forbidden emission
lines. [N1I] 6548, 6584 A and [O 11l 5007 A are optical, while [Oll] 52, 88 um are infrared forbidden lines.

For description of the emission process, see in the text.

10% T T T T T T T T T T T T T T 3
I Soft X |
107 £ 3
3 FIR — LEAO Ad ]
C AW, 3
_ 3 . :
- H '. ' II|I||| B
w 10% E £ i . 3
= ! |
e - : 1
= - : F— EGRET 1
x :
10% E : ; 3
4 F *i 5
10% | 10GeV 300 GeV 10Tev ~ 100 TeV 3x10° TeV 4
é Electrons responsible for the radiation é
10% | | | | | | I | ] | | | | |

-i
o

11 12 13 14 15 16 17 18 19 20 21 22 23 24
log v Hz™'

N
o

Figure 1.30: The spectra of the SNR Crab nebula. As we can see, its emission covers all the waveband,

from radio to y-rays. Credits: Hester (2008).
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Figure 1.31: a) This image of the SNR CasA is a combination of three different wavebands of light. Infrared
data from the Spitzer Space Telescope are colored red; visible data from the Hubble Space Telescope are
yellow; and X-ray data from the Chandra X-ray Observatory are green and blue. Credits: NASA/JPL-
Caltech/STScl/CXC/SAO Animation: NASA/JPL-Caltech/Univ. of Ariz./STScl/CXC/SAO. b) An image of the
Galactic supernova remnant W49B, composed from images taken in the shocked molecular H; (infrared),
here shown in red), [Fe II] emission (green), and X-rays (blue) (Credit: NASA/CXC/SSC/J. Keohane et al.
2007). It is suggested that W49B is evolving in a wind-blown bubble, confined by a molecular shell of

Hy, which is responsible for the infrared emission we observe.

position of the ambient ISM. Therefore, through imaging and spectroscopic data in the optical
we can derive important information about the SNR itself and its environment as well, such
as electron temperature, electron density, metallicity, ionization state and velocity of the shock
waves. Details can be found in Osterbrock and Ferland (2006). Here we mention the impor-

tance of specific forbidden lines in SNRs’ detection.

Detection of SNRs: A classical diagnostic (but not the only one) for the SNRs detection, is
the quantity of [S II] present in a nebula. A nebula is traditionally characterized as SNR when
[S1I] 6716, 6731 A/Ha 6563 A > 0.4, while when [S1I] 6716, 6731 A/Hot 6563 A < 0.4 then it’'s about

an H Il region (Mathewson and Clarke 1973). Below we present a short explanation of this:

In order for sulphur (S) to get single ionized (S*), energy of 10.4 eV is demanded which com-
mensurate with temperature 10° K and more. This means that S* had already been formed in
the post-shock, stimulated through photoionization by the X-rays of that region. In later times,

when the temperature in the post-shock reduces and the wave becomes radiative, there are
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no more electrons of high enough energy to photoionize S* into S** | neither photons can be
absorbed by S* due to the very low cross-section of the later in photon absorption. Therefore,
S* is now excited in higher energy levels, only through collisions with the free electrons of the
gas. These higher levels are metastable, the decay of which leads to the emission of [SII] for-
bidden lines, as was described above in Section 1.8.5. As we said, the photons of the forbidden
lines cannot be absorbed by the sulphur ions, and this is why this photon-radiation escapes
from the SNR, resulting in the further cooling of the post-shock region. On the other hand, in
an H II region, the quantity of double ionized S (S**), is much more with respect to that of S*,
due to the high energy UV photons provided from the hot star that ionizes this region. This is
why in an H Il region we expect the ratio [S II] / Ho to be less that O.4.

1.9 Modified Circumstellar Medium - Stellar Winds and Wind bubbles

An assumption that was clearly adopted from the beginning, is that the SN explosion evolves
into a homogeneous environment. In reality things are much more complicated, since mass out-
flows from the progenitor star during the pre-explosion era, in the form of continuous stellar
winds or irregular mass loss outbursts, can create a “wind-bubble” (or wind cavity) around
the star, significantly modifying its CSM. The blast wave subsequently generated from the SN
explosion interacts with this modified medium, altering the SNRs’ “typical” evolutionary path
as this was described in Section 1.6.4, and modifying its structure. Below, we give a brief

description of stellar winds, and we outline the basic structure of a wind bubble.

1.9.1 Stellar Winds (SW)

As “stellar wind” (SW) is defined the continuous, radial supersonic outflow of gas ejected
from the upper atmosphere of a star (Fig. 1.32).

The two most important parameters regarding a stellar wind, is its mass loss rate (by
convection, is the amount of solar masses the star loses per year) and its terminal velocity;,
which is the velocity of the SW at a large distance from the star. They can be driven by various
mechanisms, specified by the main force that is responsible for the wind. Detailed anaysis can
be found in Crowley (2006) and Espey and Crowley (2008).

However, two main factors that can define their strength, are the mass and the radius
of the star at each specific evolutionary stage. To set an example, the SWs in Red Giants
are dense (mass loss rate 107 My, yr~'to 107* Mg, yr~!; Mauron and Josselin 2011) and slow
(10—30 kms~!) (Ohio, Chapter 12). Their density is attributed to their low surface temperature,

where a cool stellar atmosphere favours the formation of dense material. On the other hand
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their low velocities are justified through the escape velocity equation:

Vesc. = - (1.34)

where G is the gravitational constant, M is the mass of the star and R is its radius at the Red
Giant Branch. (typical radius of RGB stars 500 — 1500 Rg; Mauron and Josselin 2011). As we
can see, the bigger the radius, the lower the escape velocity of the outer stellar gas.

Another factor that must be taken into account is the binarity (or not) of the stellar system.
That is because, in the case of a binary system, the interaction with the companion star may
modify the shape of the wind (not be simply spherical any more) and also alter its mass-loss
rate (Decin et al. 2020). Finally, although it was assumed that these stellar outflows are basically
homogeneous, recent works report their clumpy nature in some cases too (Pradhan et al. 2019).

Stellar winds play an important role in the evolution of a star for two main reasons: i) they
define how much material is lost by the star per unit of time (stars with high mass-loss rates
will evolve differently from those with low mass-loss rates), and ii) the ejected material forms a
nebula around the star, called “wind-bubble” or “wind-cavity” which modifies the -otherwise-
uniform CSM. A possible Supernova explosion inside this bubble would have a serious impact
on the evolution of the formed SNR.

Below we describe as an example of SW, the case of dust driven winds which is manifested

in luminous and cool stars (AGB/RSG stars).

Dust driven winds: It is a widely accepted scenario about the mass loss through stellar
winds generation in both AGB and RSG stars. According to this mechanism, pulsations lift gas
out to distances above the photosphere, where the temperature becomes low enough for dust
formation to occur. The photons emitted by the star (radiation pressure) collide with the dust
grains, transferring to the latter their momentum (%). Subsequently, as the dust grains are
accelerated outwards, they drag the gas along with them through mutual collisions, resulting in
the stellar wind formation. From the above it seems rational that the mass-loss rate depends
both on the stellar luminosity (radiation pressure) and temperature (to allow dust to form) (Kwok

1975; van Loon et al. 2005).

1.9.2 Structure of a Wind-bubble

The steady injection of mass in the form of stellar winds at different evolutionary stages of
a star, sweeps up the material of the ambient medium, excavating by this way a wind-blown

cavity (or “bubble”) around the progenitor star. This bubble is bordered by a thin, dense, cold
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NASA, Hubble, 2016 ESO, 2018

Figure 1.32: Two observational images that depict (and verify) the presence of stellar winds in stars. (a)
Variable star LL Orionis in the Orion Nebula. While the star (bright dot) is moving to the right in the
image, its ejected fast stellar wind is moving into the slow surrounding material of the Orion Nebula,
creating a bow shock at the front part of its movement. This bow shock is analogous with the waves
created at the prow of a ship moving through water. Credits: Hubble Heritage Team (AURA / STScl), C. R.
O’Dell (Vanderbilt U.), NASA, (b) Dust cloud surrounding the triple star system 2XMM J160050.7-514245
(informally called Apep). The pinwheel structure is generated by the collision of stellar winds from two

Wolf-Rayet stars. Credit: ESO/Callingham et al.

shell of swept-up interstellar material (practically Hydrogen, ionized from the UV radiation of the
star) and contains most of the low-density swept-up shocked stellar wind at high temperature
(T>10° K) (Castor et al. 1975; Weaver et al. 1977).

The stratification of a circumstellar (CS) bubble can be described in much the same manner
as is done for a Supernova remnant shell, as the latter is illustrated in Fig. 1.20. However,
a main difference is that in a SNR there is a sudden ejection of stellar matter during the SN
explosion, while in a wind-bubble we see a continuous injection of energy (stellar wind) into
the bubble until the wind stops. A simplified, schematic illustration of a circumstellar (CS) shell
is given in Fig. 1.33 and concerns the case of a SW generated by a Wolf-Rayet star, which is

described in the next paragraph.

1.9.3 Case of a Wolf-Rayet (WR) stellar wind

We assume the case of a Wolf-Rayet star immersed in a H Il region. These stars are typically
characterized by strong stellar winds of ~ 2000 kmsec™! (region 4 in Fig. 1.33). This velocity is
considered hypersonic with respect to the sound speed of the ambient H II gas (~ 10 kmsec™!)
that surrounds the star (region | in Fig. 1.33). Therefore, stellar wind acts like a spherically

expanding piston, whose forward shock front that is created in front of it pushes the ionized
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Figure 1.33: Structure of a stellar wind cavity (or else a circumstellar shell) excavated due to the stellar-
wind activity of a Wolf-Rayet star into the ambient circumstellar medium. For further description, see

in the text.

hydrogen away from the star. The sequel is pretty much the same as in the SNRs case. The
expanding forward shock sweeps and swallows the H Il gas, which is now collapsed as shocked
H II gas into a cold (~ 10* K) and dense shell behind the shock front, as a result of radiative
cooling (region 2 in Fig. 1.33). The continuously coming stellar wind falls onto this dense
shell, is reflected by its inner surface forming by this way the reverse shock we see in Fig.
1.33, which is propagating towards the stellar wind. The stellar wind that passes through the
reverse shock is absorbed by it, compressed, heated and decelerated in the region 3 of Fig. 1.33.
Its temperature is of the order of ~ 107 K which allows the emission in UV and soft X-rays.
Between the shocked stellar wind and the shocked H II gas, a contact discontinuity is formed

that separates the two regions.

1.9.4 SNe explosions inside Wind-bubbles

When the star explodes inside a wind-blown cavity, its shock wave interacts with this
modified CSM (Weaver et al. 1977; Franco et al. 1991). In this case, the evolution of the SNR
deviates from the classical model described in Section 1.6.4, where the SN was directly evolving
into a homogeneous ambient ISM. Now, the structure and properties of the pre-existing wind-

blown bubble shape the dynamics, kinematics and morphology of the resulted SNR. A significant
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parameter that can influence this evolution, is the ratio of the mass of the CS shell to the mass
of the ejected SN (Franco et al. 1991, Dwarkadas 2005).

If the CM shell mass is lower than the SN ejecta mass, then the CM shell does not play
an important role in the evolution of the SNR. But, in the opposite case, the impact of the SN
ejecta on a much massive and dense CM shell results in the creation of a number of shock waves
moving back and forth inside the bubble. More specifically, when the SNR shock interacts with
the dense circumstellar shell, a part of the shock is transmitted through the dense CM shell and
expands slowly into this denser medium, while the rest shock is reflected onto the dense CM
shell and travels back into the already-shocked lower-density medium.

Regarding the reflection of the shock, this procedure can be very complicated. Although
the SN shock starts off as a spherical structure, due to the pressure fluctuations that exists
inside the turbulent bubble, it ends up to propagate towards the CM shell as a rippled shock.
Therefore, when every piece of this non-uniform shock collides with the inner boundary of
the bubble, each collision results in a reflected shock in that region that continues to travel
inward and eventually passes the reverse shock of the SN ejecta. Consequently, there are many
reflected shocks that arise from various interactions with the dense CM shell, that reach the
central region of the star at different times in consequence of their different velocities.

Taking into account that the emission/luminosity is proportional to the square of the density,
these fluctuations in the pressure and the density implied due to the presence of the successive
shock waves can define the luminosity of the remnant and alter the emission it would have if

it was propagating directly into the local ISM.
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Chapter 2

2 Instrumentation and data reduction

For the data acquisition in imaging and spectroscopy, three different telescopes were used.
In particular, wide filed images were obtained using Skinakas telescope (Crete, Greece), high-
resolution imaging were obtained with “Aristarchos” telescope (Helmos, Greece), while the
spectroscopic data were obtained with the SPM telescope (San Pedro Martir Observatory, Mex-

ico). Below, the characteristics of each telescope are presented.

2.1 Telescopes

Skinakas Observatory - 0.3m optical telescope:

Skinakas Observatory is located on top of the Ida mountain in Central Crete (Greece) at an
altitude of 1750m. The 0.3m optical telescope was employed for the acquisition of wide field
images needed for the VRO project (Fig. 2.1. This telescope is of Schmidt-Cassegrain type,
with focal ratio /3.2, The observations were performed in 2000 and 200l.

Helmos Observatory - “Aristarchos” telescope:

Helmos Observatory is located on mount Helmos (Aroania) in the Northern Peloponnese
(Greece) at an altitude of 2340m. It hosts the optical telescope “Aristarchos” (Fig. 2.2) which
was used in order to obtain high resolution images for the VRO project. It is of Ritchey-Chretien
type, with a primary mirror diameter 2.3m and focal ratio f/8. The observations were per-

formed between the years 201l and 2019.

San Pedro Martir (SPM) Observatory - 2.1m telescope:
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Figure 2.1: a) Skinakas Observatory in Crete, Greece. b) The 0.3m telescope used for the obtained wide

field images of the VRO project.

The San Pedro Martir National Astronomical Observatory it is located in the homonymous
mountain range, located in Ensenada, Baja California, Mexico at a height of 2.800m. For our
observations we employed the 2.1m optical telescope, which is of Ritchey-Chretien type, with
focal ratio f/7.5 (Fig. 2.3). The observations were performed in the years 2010, 2011, 2012,
2016 and 2019.

2.2 Instrumentations

2.2.1 Imaging

For the wide-field and high resolution imaging data, we used the CCD cameras mounted
on the telescopes of Skinakas and Helmos Observatory respectively. Below we present the

characteristics of each camera, while the function of a CCD camera is described in Section 7.4.

l. Camera and used filters for Wide field imaging: The camera was a 1024x1024 pixel?
Thomson CCD, with pixel size 19um, image scale 4 arcsec pixel ~! and Field of View
(FOV/covered surface on the sky) 70 x 70 arcmin 2. The images were taken in the narrow
band filters Ha+[N 1I] 6548, 6584 A, [O 1ll] 5007 A and [S1I] 6716, 6731 A. Furthermore,
broad band filters of continuum red (Cont red) and blue (Cont blue) were used for the

background stellar subtraction in the images Ho+([N 1I] 6548, 6584 A and [O 1IT] 5007 A re-
spectively (Table 2.1).
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©Theofanis Matsopoulos

Figure 2.2: a) 2.3m “Aristarchos” telescope in Helmos Observatory (Greece). b) The telescope at the

interior of the dome (Credits: Theofanis Matsopoulos).

2. Camera and used filters for High-resolution imaging:

High-resolution images where obtained by the use of two CCD cameras (Fig.2.4), both in
“Aristarchos” telescope: 1) the 1024x1024 pixel*> LN CCD camera, with pixel size 24pum,
image scale 0.28 arcsec pixel™! and FOV 4.8x4.8 arcmin?, and 2) the 2048 x2048 pixel?
LN2 CCD camera, with pixel size 13.5um, image scale 0.16 arcsec pixel ™!, and FOV 5.5x5.5
arcmin®. “LN” stands for Liquid Nitrogen, which is the cooling mechanism of these cameras
in order for their temperature to maintain at —120 °C during the observations, reducing

by this way the thermal noise (for this, see Section 2.3.1).

The images were taken in the narrow band filters Ho+[N 1] 6548, 6584 A, [O 1] 5007 A and
[SI] 6716, 6731 A. Furthermore, broad band filters of continuum red (Cont R) and blue
(Cont B) were used for the background stellar subtraction in the images Ha+[N II] 6548,
6584 A and [O III] 5007 A respectively (Table 2.2).
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WIDE-FIELD IMAGING

Filter Central Wavelength ~ Bandwidth Exposure time
A (A) AL (A) (sec)

Ha+[N 11] 6548, 6584 A 6560 75 2400

[O 111] 5007 A 5005 28 2400

[S1I] 6716, 6731 A 6708 20 2400

Cont red 6096 134 180

Cont blue 5470 230 180

Table 2.1: Used filters for wide-field imaging in Skinakas Observatory (Crete, Greece).

HIGH RESOLUTION IMAGING

Filter Central Wavelength Bandwidth Exposure time
A (A) AL (A) (sec)

Ho+[N 11 6548, 6584 A 6580 100 1800

[O 1] 5007 A 5011 30 1800

[S1] 6716, 6731 A 6727 40 1800

Cont red 6680 100 100

Cont blue 5700 70 100

Table 2.2: Used filters for high-resolution imaging in “Aristarchos” telescope (Helmos, Greece).
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Figure 2.3: a) The dome of the 2.1m San Pedro Martir (SPM) telescope in Baja California state, North-

western Mexico. b) The 2.1m SPM telescope at the interior of the dome (Credits: Sophia Derlopa).

2.2.2 Manchester Echelle Spectrometer (MES - SPM)

The Manchester Echelle Spectrometer (MES -SPM: Meaburn et al. 2003), currently mounted
on the 2.1 m telescope of the San Pedro Martir (SPM) Observatory in Mexico, was employed
for the needs of this work. Its primary use is to obtain spatially-resolved profiles of individual
emission lines from faint extended sources emitting in the range 3900 — 9000 A with a spectral
resolving power of R =A/AL < 10°. The “grooves per mm” parameter is G = 1/d = 31.6 / mm.

Its optical layout is shown in Fig. 2.5, where the light enters through the slit and the
interference filter to the lens which collimates the beam. After its diffraction and reflection from
the echelle grating, it is refocused on the detector where the data are stored. The spectrometer
shows no cross-dispersion (no overlapping of emission lines from adjacent spectral orders). It
can also be used for obtaining a direct image of the field (FOV image), by isolating the grating
putting a mirror in front of it.

In Fig. 2.6(a) we see the MES-SPM spectrograph mounted on the 2.1m telescope at SPM Ob-
servatory, while Fig. 2.6(b) shows the dimensions of the used slit. A more detailed description

of an echelle spectrograph is presented in Section 7.5.
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(b)

Figure 2.4: a) The LN CCD camera mounted on “Aristarchos” telescope at the focal plane of the telescope
and b) The LN2 CCD camera. Both cameras were used for high-resolution imaging in “Aristarchos” tele-

scope. For description, see in the text.

2.3 Data analysis

Imaging and spectroscopic data obtained with the telescopes, are not completely “clean” im-
ages. Electronic noise, dust on the optics, low efficiency in some of the camera’s pixels and
burned pixels are some of the factors that can influence the quality of the obtained images.
Therefore, some extra images are needed to be obtained with the telescope, named bias and
flats, which help to eliminate the aforementioned factors during the data analysis process. Be-
low we present the usage of bias and flat images. In Sections 2.3.2 and 2.3.3 we present the

IRAF commands for each step of the imaging and spectra analysis respectively.

2.3.1 Bias and flat

-Bias images: The function of a CCD camera is based on the photoelectric phenomenon.
According to this, bounded electrons are detached from a semi-conductor (the chip of the
CCD), when photons of appropriate frequency incident on its surface, transport their energy
in these electrons, making the latter to escape from the pulling force of their atoms. These
photoelectrons consist the counts we collect in the end from the object’s emitted radiation (in
our case, from the SNR).

However, even though the CCD camera operates at very low temperatures (about —120 °C)

there are always some free electrons in the chips of the CCD moving randomly at high speeds
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Figure 2.5: Schematic layout of the MES-SPM where the light path can be seen. When the slit is removed

and the mirror is placed in front of the grating, MES can be used to obtain a direct image of the field.

(thermal electrons), which are recorded from the camera as photoelectrons and are inserted
in every image we obtain. Of course, these photoelectrons have nothing to do with the real
radiation we want to collect from the object we observe, and this is why these counts need to

be removed from all the data images.

Therefore, in order to isolate and record this thermal “noise” we take images with zero
exposure time and the shutter of the camera closed (if the shutter of the camera were open,
then we would collect photoelectrons due to the photons of the object too). These images are
called bias. During the night, we take many bias images before and after an exposure. Later,
in the data analysis, we combine these bias images to create a median bias, or master bias as
it is called (Fig. 2.7a). This master bias is then subtracted from every single image we have
obtained during that night.

-Flat images: For the same intensity of radiation that incidents on the chips of the camera,
each pixel produces a different number of photoelectrons, i.e. it has a different efficiency. The
result is, the obtained image to present non-uniformity in its lighting. That is, the image is
brighter in some regions and darker in some others, but this fluctuation is not due to the
radiation emitted from the object. If all the pixels had the same response, how many counts

each pixel would eventually produce?

A second point is that, until the light reaches the camera (detector) it is reflected onto
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Figure 2.6: a) The MES-SPM spectrometer mounted on the 2.1m telescope at the SPM Observatory.b)
The case where the slits for the MES-SPM spectrometer are kept at the SPM telescope. The image shows

the slit (width and length) used for the performance of the observations for the project of VRO.

the mirrors and passes through optical devices (filters, slits) on which dust may have been
deposited. Light is scattered on these dust grains, so these photons are not recorded from the
detector. This dust is depicted on the images as “donuts-ring” structures, and again is not due

to the radiation of the object we observe.

In order to eliminate these errors, we take flat images. Flat images must be taken when
there are no stars at all on the sky at the moment of the exposure, i.e. just before or just
after the sunset, or right after the sunrise. Therefore, any non-uniformities and dust presence
are revealed in the obtained flat images, and subsequently removed form the data images. We
take at least three flat images in each filter (because pixels have different response to each
wavelength), with exposure times Ar > 3 sec (if Ar < 3 sec, then the shutter of the camera may
not have fully closed yet - shutter effect).

The image data is divided by the normalized flat of the same filter (Fig.2.7b), the latter
deduced after the data analysis the flat has undergone as this is described in Section 2.3.2. By

this way, the image data is discharged from the errors mentioned above.

2.3.2 Imaging

For the data reduction, the IRAF software package was employed. In our project, the wide
field images as well as the majority of the high-resolution images had already been analysed.
However, below we present the data analysis procedure which was applied for the rest obtained
high-resolution images and - up to a point- it is the same for the spectrum analysis as well,

as will be shown in the next Sections.

92



In order to proceed in any process between images (e.g. addition, subtraction, division), the
images have to be of the same dimensions, i.e. to have the same number of pixels between
them in x and y axis. That’s because the operations between images are in practise operations

between the counts of the pixels located at the same position in every image.

Figure 2.7: a) Master bias: it is subtracted from all the data. b) Normalized flat: it reveals the fluctuation
in the lighting that is inserted into the image data. The “donuts-rings” structures seen in this image, are
due to the dust grains on the optics. ¢) Image data, after master bias subtraction and normalized flat

division. d) The same image data after the cosmic rays removal.

Data analysis and IRAF commands for imaging:

l. Creation of master bias image:
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We combine all the bias images in order to create the “masterbias” image (Fig. 2.7a)

(command: zerocombine).

. Creation of medianflat and normalized flat in each filter:

We combine all the flat images of the same filter (command: flatcombine) in order to
create the medianflat image. From the median flat, we subtract the master bias (created
before) (command: imarith). Subsequently, we normalize the deduced image (commands:
imstat and imarith) in order to create the normalized flat. In the end, every pixel of
the normalized flat should have a value around unity (0.99 —1.01) (Fig. 2.7b). Practically,
this provides the response of each pixel at the same intensity of incident light, i.e. if the
intensity of the incident light on the camera was 100 %, it shows us what the efhciency

in photoelectrons of each pixel would be.

. Cosmic rays removal from flat images:

In case there are cosmic rays in the flat images, we remove them either in the medianflat,
or in the normalized flat step (command: crutil — cosmic rays). In general, cosmic rays are
inserted in all data which are obtained with the shutter of the telescope opened (image
and spectral data, flat and arc) and should be removed from these images. The longer the
exposure time in each image, the more amount of cosmic rays that hit on the detector.
Consequently, we won't see cosmic rays in bias images, for they are obtained with the

shutter of the camera closed and their exposure time is zero.
. Subtraction of master bias from each image data: We use the command imarith.

. Division of each image data with the normalized flat of the same filter: We use the

command imarith (the deduced image is shown in Fig. 2.7¢).

. Cosmic ray removal from the image data: We use the command crutil — cosmic rays

(the deduced image is shown in Fig. 2.7d).

Comment on the colours in telescope images: At this point it would be useful to note

that the observational images obtained with telescopes are not colourful, but are always in

black and white colours, despite the use of certain optical filters each time. What the detector

records, is the amount of counts (photoelectrons) in each pixel, and of course electrons have

no colour. The spectroscopic analysis allows us to know which element is present in which

region of the nebula. For example, detection of HB 4861 A emission line implies that this part of

the nebula should be blue, detection of the forbidden lines of [O 1lI] 5007 A indicate blue-green
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Figure 2.8: A Hubble WFC3 six-field mosaic of a small portion of the western limb of the Cygnus Loop,
the Veil nebula. On the lefi, the grey-scale image in Ha+[N II] 6548, 6584 A emission lines as obtained
from the telescope. On the right, the produced image after the colours assignment. The filters and ions

representing each colour are indicated on the figure.

colour, while Har 6563 A and [N1I] 6548, 6584 A indicate red colour for the nebula. Subsequently,
the colour of the chemical element that emits radiation in the specific wavelength is assigned
to the image creating a comprehensive colour image (red, blue and so on). An example of this

is illustrated in Fig. 2.8.

2.3.3 Spectroscopy

The obtained spectroscopic data (which are also called 2D spectra) were also analysed in the
typical way using the IRAF software package. The first steps of spectrum analysis are exactly
the same as for the imaging process, i.e. master bias subtraction, division by the normalized flat
and cosmic rays elimination. The difference is that now we do not proceed with astrometry;,
but in wavelength and velocity calibration of the spectrum, as will be shown in Sections and
, with the purpose to finally extract the Position Velocity (PV) diagram of the spectrum.

-Comment on the flats data:

Regarding the flats data obtained with the MES-SPM telescope, apart from the commands
presented in Section 2.3.2, we also needed to apply two more commands in order to eliminate
the light differences:

i) response: makes the pixels to have the same efficiency in all A along the dispersion axis

ii) illumination: corrects the light fluctuations along the spatial axis.

We can see the result in Fig. 2.9c¢ along with the rest analysed data from the MES-SPM
telescope, apart from the spectra data which are presented in Fig.2.10.

Next, we present the data analysis and IRAF commands from the point of cosmic rays
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removal (Section 2.3.2) and on.

2D specrtum wavelength calibration -Arc image: For the A calibration of a 2D specrtum
we use the arc image. This is a reference 2D spectrum we obtain with the spectrometer in
order to calibrate a spectrum of the object in wavelength. In the case of echelle spectrometry;,
an arc spectrum should be taken right after the spectrum data, in order to ensure that the
grating will be exactly at the same position for the spectra and arc data.

An arc spectrum is produced by the discharge of a specific ionized gas contained in a lamp,
whose emission lines are very well defined. In our case, the gas was ThAr (Thorium/Argon),
and the spectrum it produces is shown in Fig. 2.9d. Each vertical, black line corresponds to
a specific A. Through the data analysis we eliminate the line’s curvature, as each line can take
only one value, the one of the A. By this way, the arc is perfectly calibrated and, as we said,
it can be used as reference image for the A calibration of the specrtum data too.

Below we present the data analysis process and the IRAF commands at each step of this

procedure.

l. Arc calibration in A: Median bias subtraction, and subsequent division by the normalized
flat (command: imarith). If there are any cosmic rays, they must be removed (command:

crutil — cosmic rays).

- We identify basic emission lines in the 2D spectrum of the arc ThAr lamp (black
lines), through their matching with the already known I-dimensional (ID) spectrum of the
same gas-lamp (Fig. 2.11) (command: identify). The purpose is to match a wavelength
value at each pixel of the arc image along the dispersion axis (this is the axis vertical to
the spectrum of the emission lines). This is actually the arc calibration that later will be

used for the A calibration of the SNR spectrum.

- IRAF takes as reference point the wavelength matching of the previous step and is
now going through every row of the arc spectrum, calibrating the whole dispersion axis

in A (command: reidentify).

- We assign a pixel value to every column, and a wavelength A to every line of the

arc spectrum (command: fitcoords).

2. 2D data spectrum calibration in A: We apply the calibrated arc spectrum of the previous
step to the data spectrum, and the data image is now A calibrated too (command: trans-
form). Furthermore, the curving initially present in the image, has now been eliminated

(Fig. 2.10¢).
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Figure 2.9: Analysed data from the MES-SPM telescope: a) Master bias, b) Median flat, c) Normalized flat,

¢) Arc spectrum. For data spectrum images, see Fig. 2.10.
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Figure 2.10: 2D data spectrum of Ha+[N II] 6548, 6584 A emission lines of a region of the SNR VRO
42.05.01, in four steps of data analysis. a) the image has been master bias subtracted and divided
by the normalized flat. b) Cosmic rays elimination. c¢) Wavelength calibration along the vertical axis
through ThAr arc-lamp (elimination of the image curvature). d) Sky background removal. In the end, the
continuous, black horizontal lines (sky emission lines) have been removed. The remained three black,
horizontal stripes correspond to the spectrum of the Ha+[N II] 6548, 6584 A emission lines of the obiject,

with the 6548A line at the bottom of the image to be the weaker one.
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Figure 2.11: On the top of the image, the 2D spectrum of the ThAr lamp is presented (arc spectrum). It
is the same arc as that in Fig. 2.9d, but rotated by 90 deg. Each line, is an emission line of the ThAr gas
of the lamp. At the bottom, the ID spectrum of the same gas-lamp. We use the well known ID spectrum
of the lamp in order to identify the emission lines in the 2D spectrum and calibrate its dispersion axis.

In this case, representative are the last three strong emission lines, marked with the red frame.

3. Sky background removal: Apart from the remnant’s emission lines, also present in a
spectrum are the sky continuum emission lines, shown as continuous horizontal black
lines in the image. These have to be removed from the data spectrum in order to keep

only the radiation from the SNR (command: background). The result is shown in Fig.
2.10d.

2D spectrum: What we see in Fig. 2.10d is called 2D spectrum A calibrated. The vertical
axis (the axis of wavelength) is called dispersion axis, while the horizontal is called spatial axis.
In our example, the spectrum was extracted for an Ho+[N II] 6548, 6584 A emission line image.
We followed the same procedure for all the images in every filter. If the emission line has no

Doppler effect, then it is located exactly at the position of the thoretical A value. But, if the
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Doppler effect is present, then the emission line is shifted with respect to the theoretical 4, as
we will discuss in Section .

The next step is to transform the calibration in wavelength to velocity in the dispersion
axis, and also calibrate the spatial axis from pixels that it is now, in arcmin. By this way, we

will be able to obtain the Position-Velocity (PV) diagrams we need in order to apply them in

SHAPE code for the 3D MK model.

2D spectrum velocity (Vp,ji,) calibrated In Section we saw how we extracted a 2D spec-
trum calibrated in wavelength. In this Section we move on to the calibration of the same 2D
spectrum in heliocentric velocity (Vp.j,), by transforming the wavelength A of the dispersion
axis of the 2D spectrum in its equivalent velocity.

Vpoppler and Viejio: As it is known, due to the relative movement of an object with respect
to an observer on Earth, the observed spectrum in an emission line of it (A}¢) is shifted with
respect to the theoretical value of this emission line (4 },.,.). This is called Doppler effect and
is depicted on the radial velocity of the object (velocity along the line of sight) according to the

equation:

(Aobs. - AQ‘hem")

2.
Athe()r.

VD()ppler =c

where ¢ is the speed of light in vacuum ~ 300.000 kmsec™!. Specifically, if the observed
radial velocity of the object is Vpoppler > 0 then it is receding from us, if Vpoppler < 0 the object
is moving toward us, while when Vp,,ojer = 0 then the object is moving, keeping though a
constant distance relative to us.

Apart from the relative movement of the object and the observer on Earth, there is also
the movement of the observer due to the Earths rotation and evolution around the Sun. These
motions have to be eliminated from the radial velocity of the object. This reduction is called
heliocentric correction. In practise, through this correction, the 2D spectrum will be calibrated
in velocity with respect to the frame in which the Sun is at rest (i.e. assuming that the Sun is
at the center of the reference system of movement).

Data analysis: Regarding the spectrum data analysis, at first we insert the value of Vjj,
in the header of the image (command: astutil — rvcorrect). In our example (2D spectrum of
Ha+[N 11] 6548, 6584 A in Fig. 2.10d), Viejio = 11.53 kmsec™! for this specific image, with respect
to the Ha 6563 A emission line. The shified observed radial velocity of the SNR includes both

Doppler and heliocentric eftect:
v = 7Doppler + vhelio (2.2)
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Remember that what we want to do is to correspond a radial velocity value to each A value
in the dispersion axis of the 2D spectrum. As an example, the calibration is performed with
respect to Hot 6563 A emission line. When A = 6562.82 A (theoretical value for Ha 6563 A), Eq.
2.1 gives Vpgppler = 0 km sec™! and from Eq. 2.2 is derived that V = Vj;, = 11.53 kmsec™!.
Therefore, in the 2D spectrum we will assign the velocity Vi, = 11.53 kmsec™! to the
wavelength A = 6562.82 A. The whole calibration in the dispersion axis will be done based on
this velocity value and the produced 2D spectrum will be in the end heliocentric calibrated
(command: wcsedit). The result is shown in Fig. 2.12, where apart from the velocities in the
dispersion axis, we also inserted arcmin calibration in the spatial axis.

The same procedure was repeated for all the emission lines of the spectrum respectively,
i.e. in our example, for the [N II] 6584 A and 6548 A lines too, resulting in spectra calibrated in

heliocentric velocity, with respect to each one of these emission lines.

Dispersion  # 2D spectrum V,  and arcmin calibrated
axis %
calibrated
inv,_.
V > 11.53 km/s
Ha 6563 A || V =11.53 km/s
V < 11.53 km/s

\J

Spatial axis calibrated in arcmin

Figure 2.12: 2D spectrum calibrated in arcmin, and heliocentric velocity with respect to the

Ha 6563 A emission line. The part of the nebula whose Ha 6563 A emission line has Vi, > 11.53

1 1

kmsec™ is receding from us, while the part that shows Vj.;, < 11.53 kmsec™" is coming toward us.

For further description see in the text.

Position-Velocity (PV) diagrams The next step is to deduce the Position-Velocity (PV) di-
agrams. Very simply, these are produced from a 2D spectrum calibrated in velocity and ar-

cmin (see Section ), by “cutting” that region of the spectrum which contains the emission line
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PV diagram of Ha 6563 A emission line
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Figure 2.13: Lefi: 2D spectrum calibrated in V}j;, and arcmin with respect to the Hot 6563 A emission
line. Right: The PV diagram of Ha 6563 A in high contrast, deduced from the corresponding 2D

spectrum. For further description see in the text.

we are interested in. In the example of Fig. 2.12, the image is calibrated according to the
Ha 6563 A emission line, so this is the line we are going to isolate and create the PV diagram.
In order for the velocity axis to be easier readable, at the pixel where V., = 11.53 kmsec™!
(see description in Section ) we placed V = 0 kmsec™!. Based on this, the velocity range of
each produced PV is +250kmsec™! (Fig. 2.13). The spatial (horizontal) axis has a length of 5.5
arcmin, which basically is the length of the slit through which the radiation of the SNR has

passed.

These PV diagrams were applied to the SHAPE code for the creation of the 3D MK model.

ID spectrum A and velocity calibrated From a A4 calibrated 2D spectrum we can proceed to
the extraction of its equivalent 1D spectrum, or else its profile. The IRAF command is apextract
— apall, it has as input image the 2D A calibrated spectrum and it produces a plot of the
spectrum with respect to the wavelength A in the horizontal axis (Fig. 2.14a). Subsequently,
having as an input in the command dopcor the previously extracted profile, we deduce the
same plot flA), but with the heliocentric correction inserted (Fig. 2.14b). Finally, we input the
latter profile in the command disptrans and we end with the 1D spectrum which is Doppler

and heliocentric corrected, and finally calibrated in V}j;, (Fig. 2.14c).
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Figure 2.14: a) The A calibrated 1D spectrum, extracted from the 2D spectrum of Fig. 2.10d. b) The
same plot A calibrated with heliocentric correction. ¢) The same plot calibrated in V.. The red lines
indicate the position of Ao = 6562.82 A and Vo = 0 kmsec™! respectively. We see that the deduced

spectrum is shifted to the left with respect to the reference point of Aeor OF Vietio = 0 kmsec™.
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Chapter 3

3 3D Morpho-kinematic (MK) model

3.1 SHAPE code

Why 3D modeling:

Regardless the state-of-the-art astronomical instruments used in imaging and spectroscopy
for the study of celestial objects, the fact that the obtained data are two-dimensional (2D)
restricts the range of our knowledge for these objects, due to the absence of the information
in the third dimension along the light of sight. Therefore, the step of the scientific research in
the third dimension came as a necessity, since the benefits from a 3D study of an object will
significantly contribute to a deeper interpretation of the collected observational data.

Current tools for 3D modeling in SNRs:

Regarding SNRs, up to date two were the most important tools for gaining information on the
missing third dimension: i) the 3D (magneto) hydrodynamic (MHD) models which reproduce the
3D physical properties by comparing the 2D projection of the models with the observational
data, and ii) the 3D velocity-maps which are created by the proper motion and Doppler shifted
velocities of different parts of the nebula .

New entry in 3D SNRs - SHAPE code:

What we introduced in the field of 3D SNRs, is called 3D Morpho-kinematic (MK) model. This
is a snapshot in time which illustrates the morphology and the velocity field of an object in
three dimensions. For this modeling, the astronomical software SHAPE was employed (Steffen
and Koning 2017) in which imaging and high-resolution spectroscopic data of the object are

applied as guiding data to the modeling process. Subsequently, using a list of tools (structural or

105



physical) that SHAPE provides, we manually reconstruct the 3D morphology and produce the
synthetic spectra, i.e. the PV diagrams, that match the structure of the observational data of
the object. Therefore, the synthetic output image and PV diagrams generated by our model are
qualitatively compared with the observational data. The modification of the model structure
continues until the synthetic image and PV diagrams reproduce adequately the observed images
and PV diagrams, respectively. SHAPE has already been extensively used in order to study the
3D MK structure of Planetary Nebulae. However, up to date, no similar work for SNRs had ever
been performed.

Why SHAPE had not been applied to SNRs before:

The reasons for this are: i) SNRs are usually very extended sources, which means that, apart
from the imaging data, a great amount of spectroscopic data is also required for a full coverage
of the remnant and ii) the asymmetries that SNRs usually display in their shape denote a great
complexity in morphology and kinematics which is an additional factor of difficulty in the 3D
visualization. The lack of such a 3D model in the field of SNRs was our motivation to proceed
in the creation of the first 3D Morpho-Kinematical (MK) model of a SNR, using as a case study
the Galactic SNR VRO 42.05.01.

SHAPE application in the current Thesis:

Due to the fact that SHAPE code has already been employed for numerous cases of PNe,
while no similar project had ever been performed in SNRs, it was reasonable to learn the code
by applying it to PNe before attempting its application in such a complicated object as VRO.
The selected object was the PN Hb4, and the outline of its 3D reconstruction with SHAPE are
presented in Section 3.2. The application of SHAPE to VRO 42.05.01 is presented in Section 3.3,
where we also describe the basic steps of the code, directly applied to this object. In Sections

4 and 5 the scientific results of these projects are presented.

3.2 SHAPE code in the PN Hb4

Our motivation in order to create the MK model of the PN Hb4 is the pair of bipolar collimated
outflows (knots) protruded from both sides of the main plane of the nebula (Fig. 3.1). These
outflows present an unusual decrease of their expansion velocity as a function of distance from
the core of the PN, i.e. the most distant parts of the outflows seem to move outward more
slowly than the closer ones with respect to the main core of the PN. The goal was, through
the 3D MK model, to give answers about the origin of these outflows, and subsequently for the
mass loss mechanism during the evolution of the nebula that produced them. As observational

data we used high dispersion long-slit echelle spectra along with high resolution images from
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Hubble Space Telescope (HST). These were used in the SHAPE software, following the method
that will be explained below, in order to construct the 3D morphology and reproduce the

kinematic structure of the torus and the knots of the PN as well.

Figure 3.1: HST image of the Planetary Nebula Hb4 in [N 1] 6584 A N
[N 1] 6584 A emission line. The central region consti-
tutes the core of the PN, from which two bipolar out-
flows are expelled, towards its northern and southern
region respectively. The characteristic of these bipo-
lar structures is the unusual decrease of their expan-
sion velocity as a function of distance from the core

of the PN. Their classification and the interpretation

of their kinematics was the motivation for the 3D MK

reconstruction of this object with SHAPE code. q
5ll

Step 1: Imaging and PV as data for the modeling process, for the core of the PN

At first, we started with the reconstruction of the main core of the nebula, in order for the
latter to constitute the reference point for the distances of the knots from the central star that
we were about to reconstruct afterwards.

In Fig. 3.2 we see the SHAPE software and the two input images which are displayed as
backgrounds in the Renderer window in SHAPE to guide the modeling. As imaging data we
applied the [N 1] 6584 A image from HST telescope, 42.7 arcsec in size (Fig. 3.2a). The two
parallel white lines demarcate the position of the spectrograph slit which passes through the
core and the two bipolar outflows of the PN. Its dimensions of width (1.9 arcsec) and length
(42.7 arcsec) were inserted in SHAPE through the Parameters — Group. In Fig. 3.2b, the PV
diagram of the core of Hb4 in the same emission line as the 2D image is displayed. In the next
paragraph is explained, how this specific PV diagram had been extracted for the needs of the
model.

Calibrating and isolating the PV diagram of the core: Although the PV deduced from the
data analysis was calibrated in V., the PV we applied in SHAPE (Fig. 3.2b) was calibrated in
expansion velocity: Vey, = Vil — Vsys. This is the radial velocity at which every part of the

nebula is moving with respect to the center of the PN, where we assumed V = 0 kmsec™!. We
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the Group window.

did this, because we wanted to calculate at which outflow velocity each knot had been expelled
from the core of the PN (the radial velocity deduced from the observations is the projection of
the outflow velocity deduced from the model, as will be explained below). Fig. 3.3a shows the
PV diagram of Hb4 deduced from the analysis. We can distinguish the part of the core (at the
center) and the two groups of knots in the form of bipolar outflows at either side of the core.
In order to “reveal” the core and be able to apply its PV in SHAPE for its 3D reconstruction,
we applied high-contrast scale in this image, deducing the Fig. 3.3b. Furthermore, in order for
the latter to be applied in SHAPE, it was rotated by 90 deg clockwise so as the velocity axis
to be horizontal, and also match with the slit's orientation. It's velocity range in SHAPE was

inserted through the Group window.

Step 2: Reconstructing the core

Geometrical structure:

Fig. 3.4 shows the SHAPE 3D window, in which the 2D image of the PN of the SHAPE
Renderer is displayed, along with the slit position. In this window we choose the proper geo-

metrical structure in order to create the 3D morphology of the object, and modify it accordingly
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Figure 3.3: a) The PV diagram of the PN Hb4 in [N II] 6584 A. We can discern the central region of the
core along with the regions of the knots. b) The same diagram in low-contrast scale for the “isolation” of

the core. The latter was applied in SHAPE for the 3D reconstruction of the core of the PN.

through the set of Modifiers (physical and geometrical) that SHAPE provides us with.

The final model deduced from SHAPE reproduces the core of Hb4 as a toroidal component,
with inner radius 3.2 arcsec and outer radius 3.5 arcsec. The Modifiers we used were Dis-
placement, Size, Shell and Position Angle/Inclination (the later for the rotation of the torus). The
resulting torus is overlaid on the 2D image of the PN, as shown in Fig. 3.4.

Velocity law for the core:

In the Modifier — Velocity we set the velocity field for the torus (Fig. 3.5). We applied a
homologous expansion law, that is radial expansion with the velocity increasing linearly with
distance (7 o< 7). The equation is V = B(%), where B is the outflow velocity (whose
projection is the radial V., along the line of sight), r is the distance in arcsec of a given point
from the center of the field, and r, is the distance in arcsec from the center at which (r,) the
velocity is equal to B. In the case of the torus, r, = 3.5 arcsec, equal to its outer radius, while

its outflow velocity was found to be B = 15 kmsec™!.

Step 3: Synthetic PV diagram of the core

The defined geometrical structure of the torus and its velocity field, generated its synthetic
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Figure 3.4: SHAPE 3D window: for the core reconstruction we chose a torus which was given its shape
through the selected Modifiers in order to match with the torus of the PN shown in its 2D image. In

Primitive we inserted its inner and outer radius.

PV (blue-red coloured) in the SHAPE Renderer window, overlaid on the observational PV (black
coloured), as shown in Fig. 3.6b. In blue is the part of the torus that approaches us, while in red
is the part that recedes from us. The agreement between the observational and synthetic PVs,
in conjunction with the geometrical fitting of the structure with that shown in the 2D image,
is the criterion for accepting the model. Therefore, while modeling, we keep modifying the
structure and/or the velocity field to the point that an acceptable fitting between observations

and modeling is accomplished.
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Figure 3.5: The window of the Modifier — Velocity in SHAPE, in which the velocity law of an object
(or a substructure of it) is defined. r, is the distance from the center of the structure up to its outer
geometrical limit, and B is the outflow velocity deduced from the model. In this example, the velocity

law for the core of Hb4 is shown.

After having defined the core’s position, we proceeded to the 3D reconstruction of the knots.
The purpose was to identify their morphology and, through their outflow velocity produced

with SHAPE, to interpret their overall kinematic behaviour. The method continues as follows:

Step 4: PV for the knots as input image

Fig. 3.7 illustrates the SHAPE Renderer window, where the 2D image remains the same as
in the core reconstruction, while in the PV diagram a low-contrast image of the high-resolution
spectrum has been applied in order for the regions of knots to be distinguished. The red
boxes include the northern knots, while the blue boxes the southern knots. It is important
to understand that what we see in Fig. 3.7b are the knots that were included in the slit, and
were distinguishable according to the available resolution of the spectrograph. Again, in order
to reproduce the PV of each knot, we had to know its position (with respect to the center of
the torus) and its velocity law.

Step 5: Reconstruction of the knots

As an example we will use knot | and we will describe how we defined its position and

velocity field. The procedure is exactly the same for the other knots too.
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synthetic PV (coloured) overlaid on the observational PV (in black). In blue is the part of the torus that

approaches us, while in red the part that recedes from us.
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Figure 3.7: a) The same 2D image of Hb4 in [N II] 6584 A as in the core reconstruction. b) The PV
diagram of Hb4 is in low-contrast, in order for the regions of the group of knots to be noticeable. In

both images, the red boxes include the northern knots, while the blue boxes the southern knots.
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Figure 3.8: The 3D model of Hb4 as viewed from different angles. The blue ellipse is the torus of the
PN, the coloured dots are the knots on either side of the core and the orange line is the symmetry axis
perpendicular to the plane of the core. In (a) and (c), the x, y and z distances of knot 1 from the center
of the core are displayed, which were defined through the Modifier — Displacement. Images (a) and (d)
show the model from the same angle, with the difference that in (d), the model is overlaid on the 2D

image of Hb4.

Geometrical structure for knot:

In order to create a knot, in the SHAPE 3D window we select a sphere and, through the
Modifier — Size, we define its size in x, y and z axis (Fig. 3.8). Next, we overlaid this sphere (knot
1) on the 2D image in the position where we see knot 1, using the Modifier — Displacement.
This Modifier, “moves” the structure in x, y and z axis of the 2D image with respect to the
center of the image. In the PN model, the Displacement of each knot was considered with
respect to the center of the torus (which coincides with the image center). Regarding the x and
y axis, these displacements were easily defined from the image. What we had to constrain was
the displacement in z dimension, i.e. how far from the torus was a knot in the direction along
the line of sight. In this, the synthetic PV diagram would help us, through the velocity law that

we applied for the knot.
Velocity law for knot:
In the velocity equation V=8B (Z), the parameter ro, = \/x?+y?+22, where x, y and z are

ro

the values from the Displacement Modifier for knot 1. (Fig. 3.9). In the beginning we chose an
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Figure 3.9: On the left: The x, y and z values for knot | of the Modifier — Displacement. On the right:

the velocity law for knot 1. For description see in the text.

arbitrary z value, and checked the synthetic PV diagram produced from this velocity law. As we
have already said, the produced PV has to match with the observational PV. After several tests,
we achieved the best fitting between the observational and the synthetic PVs, and therefore
we constrained the distance from the torus of knot | in the z direction. We repeated the same
procedure for the other knots that we were able to identify in the 2D image and in the high-
resolution spectrum of Hb4. The produced synthetic PVs for all the knots (blue-red shifted) are
shown in Fig. 3.10b, overlaid on the observational (black coloured) PV.

The scientific results of this project are presented in Section 4.
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Figure 3.10: (a) The 2D image of the PN Hb4 overlaid with the 3D knots reconstructed with SHAPE (white
dots inside the slit). (b) The synthetic PV for each knot (blue-red shifted) overlaid on the observational
PV of Hb4.

3.3 SHAPE code in the SNR VRO 42.05.01

In this Section we present the basic steps of the followed method for the construction of

the 3D MK model of the SNR VRO 42.05.01.

Step 1: Imaging and PV as inputs

Fig. 3.11 illustrates the SHAPE environment and the two observational images we displayed
as background in the render window of SHAPE. The first input is the wide field image of VRO
in Ha+[N 1I] 6548, 6584 A emission lines, overlaid with the 26 slits positions at the areas where
spectrum was obtained (blue lines). From these, 21 spectra were obtained with slit Position
Angle (PA.) of 45 deg with respect to the North and the remaining five at a PA. of 90 deg, with
the purpose to cover the whole area of the remnant.

In the same image, the red line represents the synthetic slit that the code creates at the
position of each observational slit. Its length and width in the code are the same as these of
the observational slit, i.e. 5.5 arcmin and 3.9 arcsec respectively. The presence of the synthetic
slit indicates the reproduction of the equivalent synthetic PV with the code, in analogy to the

observational slits that “provide” us the observational PVs (Section ). Therefore, the second
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Figure 3.11: SHAPE environment: The 2D image of the object (on the left) and the PV diagram of each

slit (on the right) that were used in SHAPE.

used image is the PV diagram in Ha 6563 A emission line that corresponds to the equivalent
observational slit (in our example, slit 18). Always, the 2D image and the observational PVs are

of the same emission line.

Step 2: Define the scaling

Before we proceed to the construction of a 3D structure with SHAPE, it is of crucial im-

portance to define the correct scaling between the 2D projection of the remnant in the input

image and the structure we are about to create. No matter how complicated morphologies we
are capable of creating with SHAPE, if the scaling is not correct the produced model will not
have any physical meaning.

In literature, VRO had two components: a shell and a wing. So, the idea was to initially
create two spherical shells that subsequently would be modified with the code accordingly, in
order to match with the structures we see in the input 2D image. In order to define the scaling,

we used the input 2D image of VRO, and with ds9 we measured the radius of each circle that
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Figure 3.12: Wide field image of VRO in Ho+[N II] 6548, 6584 A. Each one of the circles contains one
component of VRO (shell, wing and hat). The measured radius of each circle was used for the scaling of

the construction of these components with SHAPE, and for the velocity field of VRO.

contains the shell and the wing (Fig. 3.12). While creating the model, we saw that the lower
part of the wing was separated from the rest wing (due to different kinematic behaviour -
explained below in Section 5). This is why in Fig. 3.12 there is a third component, named bat,
contained in a circle too. The measured radius r, of each circle was the radius of each spherical
shell created with SHAPE. The parameter r, would be inserted in the velocity field too, as will
be described in Step 4.

Step 3: 3D structure through “Modifiers” / Filaments

After defining the radius of the spherical shell, we started building the wing component in
SHAPE by gradually deforming the spherical shell (see Fig. 3.13 and description in the caption)
applying a number of geometric tools (size, squeeze, bump) that SHAPE provides through the
“Modifiers” application (Fig. 3.14, on the left). Subsequently, we followed the same method for

the shell and the hat components as well.

With respect to its morphology, a special characteristic of VRO is the filamentary structures
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Figure 3.13: SHAPE environment: from the upper line we choose the 3D shape we want to create. For
a shell construction, we choose a sphere, and then through “Primitive” we insert an outer and an inner
radius, forming a shell. We see that the shell has a radius of 39 arcmin, while in “Primitive” we have
19.5 arcmin. This is why we used the Modifier size where we doubled the radius of “Primitive” in order
to take the value we wanted. Also displayed is the final wing structure, formed after the modification of
the initial spherical shell. Windows (a), (b) and (c) illustrate the 3D structures as viewed from different
angles, while in window (d) the 3D structures are displayed overlaid upon the 2D input image of VRO
at the background.

that it presents, almost all over its area. Especially in the shell there is a network of filaments,
crossing the entire surface. The most intense of them were reproduced as indentations on the
surface of the component through the bump Modifier. In this case the visual appearance of a
filament comes from the fact that the indentations are seen more tangential, and therefore the

path through them is longer and hence the image appears brighter in these regions.

Step 4: Velocity field

A key assumption for a 3D MK modeling is the velocity field of each component. This is a
function of the radius r of the created structure (Fig. 3.14 on the right), while the center of the
field is at the geometrical center of the structure.

More specifically about the velocity law of VRO:

VRO is at evolved phase, so we assume that the acceleration phase has ended and now it
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Figure 3.14: SHAPE environment: On the left: the list of the Modifiers that SHAPE provides for the
modification of the created geometrical structures. On the right: the window where we can choose the

parameters for the velocity field of each component.

is expanding at a steady velocity. For all the components of VRO, we applied the homologous

expansion law V=B (7

—O>, where B is the expansion velocity (whose projection is the radial
Vielio» along the line of sight), r is the distance in arcmin of a given point from the center of
the field, and r, is the distance in arcmin from the center at which the velocity is equal to B.
Given that VRO has three components and its expansion center is uncertain, we assumed that
the expansion velocity field center of each component coincides with its geometrical center.
Among the three components, the most complex component to constrain was the wing, for
it doesn’t show the spherical (or hemispherical) geometry that the other two components illus-
trate. Therefore, the assumption we made for the wing, was that its sizes in the two vertical axis
(width, and along the line of sight) are equal. Subsequently, the modification of its structure was

made according to its spectra, as it is described below in Step 5. Therefore the expansion cen-

ters for the shell and the hat were offset from that of the wing and with different B coefhcients.

Step 5: Synthetic PV diagrams

As soon as the 3D structures were set up and their velocity field had been applied to the
code, we moved on to the last step that is the reproduction of the synthetic PV diagrams, as
shown in Fig. 3.15. It is the same SHAPE environment as in Fig. 3.1l (example of slit 18) with
the difference that now the 3D model of VRO (in white) is overlaid on the 2D image of VRO (on
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the left), and the synthetic PV (blue-red lines) is overlaid on the observational PV (black lines)
(on the right). The blue lines represent the part of the region of the nebula (captured in the

slit) that approaches us, while the red lines the part of the nebula the recedes from us.
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Figure 3.15: On the left: the 3D morphology of VRO overlaid on the 2D image. On the right: The
synthetic PV produced with SHAPE (coloured lines) overlaid on the observational PV of slit 18 (black

lines).

Synthetic PVs depend both on the created 3D structure and on the applied velocity law
for each component. To put it difterently, even if the morphology seems to match with that of
the 2D image, if the deduced PV is not correct then the 3D structure and/or the velocity law
need to be altered, depending on the slit position too. This is of crucial importance for the
decoding of the SNR’s morphology along the line of sight. A successful model in SHAPE code
is the one that reproduces the morphology and the all PV diagrams of the object, in order for

the model results to be consistent with the observations in both imaging and spectroscopic data.
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Chapter 4

4 PN Hb4

The scientific results of the Hb4 project which are presented below, were published in the
scientific journal Monthly Notices of the Royal Astronomical Society (MNRAS), Volume 484, Issue
3, p-3746-3754 (Derlopa et al. 2019).

4.1 Introduction

Using a general description, a Planetary Nebula (PN) is an emission nebula consisted of an
expanding bright shell of gas ionized by the strong ultraviolet (UV) radiation field of the central
white dwarf. It is formed when an evolved, low-to-intermediate mass star (1-8 M) expels its
outer layers in the Asymptotic Giant Branch (AGB) phase, in the form of a slow (10 kms™!)
and dense stellar wind (I0~* M) at a high mass-loss rate. Then, this material interacts with a
fast (~1000 kms~!) and tenuous stellar wind, resulting in the formation of spherical PNe, based
on the assumption that both stellar winds are spherically symmetric (Interacting Stellar Wind
Model - ISWM; Kwok et al. 1978).

However, the majority of PNe exhibit a diversity of aspherical structures (e.g. elliptical,
bipolar; Schwarz et al. 1992; Boumis et al. 2003, 2006; Sahai et al. 201l; Weidmann et al.
2016). The interaction between an AGB wind, which has a high-density difference between
the poles and the equator, and a spherically symmetric fast wind can explain the formation of
aspherical PNe (Generalized ISWM; Balick 1987; Icke 1988). Common envelopes around binary
systems provide the necessary density difference between the polar and equatorial directions
on the AGB wind (e.g. Livio and Soker 1988), ensuing the formation of bipolar PNe (e.g. Frank
et al. 2018; Garcia-Segura et al. 2018).
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An interesting case of PN due to its peculiar morphology and kinematical properties is Hb4
(G 003.1+02.9; orpgo: 17741™52.75, Srp00: —24 42/08.0"). It is located in the Galactic Disk, with
an estimated distance of 2.88 +0.86 kpc (Frew et al., 2016). Gaia Data Release 2 (DR2) gives
a parallax of 0.435+0.189 mas! (Gaia Collaboration 2018). Using a statistical approach, Bailer-
Jones et al. (2018) estimate its geometric distance to 2.55 kpc with 16 minimum and maximum
bounds of 1.57 and 5.29 kpc, respectively.

Sahai et al. (2011) classify Hb4 as a multipolar nebula with an irregular structure and a barrel
inner region. At the outer parts, it also shows a pair of collimated, detached jets or elongated
knots moving with a velocity of ~150 kms~! (Lopez et al. 1997). Rabaca et al. (2003) (see their,
figure 1) reported a faint secondary bipolar structure, close to the central part, aligned with the
minor axis, a feature that, in the end, implies poly-polarity for this nebula.

Hb4 is also identified as Type [ PN in Peimbert’s scheme because of its high N/O abundance
ratio (Pena et al. 2017). The abundance discrepancy factor of singly ionized oxygen is found to
be equal to 3.7 (Garcia-Rojas et al. 2013), which might be indicative of a binary central star
(Corradi et al. 2015). Its nucleus is classified as hydrogen-deficient star of WO3 class by Acker
and Neiner (2003) and of WC4 class by Gorny et al. (2004). A possible link between jets and
knots with binary systems or Wolf-Rayet (WR) central stars in PNe has also been proposed
(Miszalski et al. 20009).

The most striking characteristic of Hb4 on which this paper focuses, is the pair of bipolar
collimated outflows (Lopez et al. 1997; Hajian et al. 1997), protruding from both sides of the main
plane of the nebula, which display a spectrum of low-ionization structures (LISs; Gongalves et al.
2001, Akras and Gongalves 2016) relative to the rest of the nebula (Corradi et al. 1996). These
two outflows exhibit Ha/[N 1] 6584 A line ratio of ~1.10 (northern) and ~1.20 (southern), in
contrast with the value of 3.29 of the core (Lépez et al., 1997). This is expected, because this
ratio is much stronger in the outflows than in the core, as has already been mentioned in
low-ionization structures (LISs) (Akras et al. 2017). According to Lopez et al. (1997), the systemic
heliocentric radial velocity is Viys =—58.9 kms™!, while the expanding velocity of the shell that
surrounds the core of Hb4 is Vexp ~21.5 kms™!. This is in good agreement with the calculated
values of Veyp = 2342 km s~! (Robinson et al., 1982) and Vexp = 23+4 km s~ (Danehkar, 2014).

In their kinematic analysis on Hb4, Lopez et al. (1997) modelled the outflows as bow-shocks,
whereas Danehkar (2014) defined these structures as “point-symmetric thin knots”. Hajian
et al. (1997) suggested that the southern outflow of Hb4 could be defined as jet, while for

the northern structure they proposed the term “fast, low-ionization emission regions” (FLIERS;

Ithe astrometric excess noise is lower than 1 which implies a reliable parallax measure, but because of the high

fractional parallax error, the inverse parallax does not provide a reliable distance estimate.
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Balick et al. 1993) because of the knots’ sizes, peculiar velocities and almost symmetric placement

on opposite sides of the central star.

FLIERS are low ionization microscopic structures (~1 arcsec) within PNe in the shape of
knots, jets, filaments, etc. They are usually found in pairs, and they exhibit equal but opposite
velocities with respect to the nebula’s systemic velocity. According to Gongalves et al. (2001),
FLIERS fall into the general category of LISs, that is, small scale, low-ionization structures that
cover a wide range of expansion velocities from few tens to hundreds of kms~!. Therefore,
considering their kinematical behaviour, LISs can be separated into FLIERS as mentioned above,
bipolar rotation episodic jets (BRETS; Lopez et al. 1995), and slow moving, low ionization
emitting regions (SLOWERs; Perinotto 2000). The nature of LISs is still an open question.
They exhibit very similar morphologies, kinematics and emission line spectra to many Herbig-
Haro (HH) objects, which are primarily heated and excited by collisions (Balick et al., 1993, 1998).
It has been recently shown that a combination of photo-ionization by the strong UV radiation
of the central stars and shock interactions of the LISs with the surrounding nebular material
can explain their spectral characteristics (e.g. Raga et al. 2008; Akras and Gongalves 2016;
Akras et al. 2017).

In this project new spectroscopic data of Hb4 along with high resolution Hubble Space
Telescope HST optical images are applied in the astronomical code SHAPE with the aim of
clarifying the morphology and kinematic behaviour of the two bipolar outbursts in question,
through the three-dimensional (3D) model of the core and the outflows of Hb4. Our focus on
the outflows is motivated by the observational spectrum in which an unusual decrease of the
expansion velocity is observed as a function of distance from the core. This analysis can give
feedback for the origin of these outflows, and subsequently for the mass-loss mechanism during

the evolution of the nebula that produced them.

We describe the observations in Section 4.2. The SHAPE modeling and the results of the
morpho-kinematic models are presented in Section 4.3 and 4.4 respectively. We discuss the

results in Section 4.5, and we conclude in Section 4.5.

4.2 Observations

4.2.1 High resolution imaging

The optical image used (Fig. 4.1) was obtained from the Mikulski Archive for Space Tele-
scopes, from observations made with the Hubble Space Telescope (HST) on 1996 October
28 (Borkowski, 1996). The detector was the Wide Field Planetary Camera 2 (WFPC2) with
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800x800 pixel?, each 15 um in size. The field of view was 2.5x 2.5 arcmin® and the image

scale 0.1 arcsec pixel~!. For the needs of the presented probe we used the narrow-band filter

F658N (Ac = 6591 A) with an exposure time of 400 sec.

4.2.2 High-dispersion long slit spectroscopy

The observed long slit echelle spectra were obtained in 2015 March at the 2.1 m telescope
in San Pedro Martir National Observatory, Mexico, with the Manchester Echelle Spectrometer
(MES-SPM; Meaburn et al. 2003). This spectrometer has no cross dispersion. Hot 6563 A and
[NII] 6548, 6584 A nebular emission lines were isolated by the 87th echelle order. Because the
Ha emission line features have similar morphology to that of the [N II] 6584 A, here we present
only the latter for comparison with the data of Lopez et al. (1997).

The Marconi E2V 42-40 camera, with 2048 x 2048 pixel?®, each 13 um in size, was the de-
tector. Tiwo times binning was used in both the spatial and spectral dimensions which resulted
in a 0.35 arcsec pixel~! spatial scale. The 1076 increments gave a total projected slit length of
5.12 arcmin on the sky. The slit width used was 150 um (10 kms~! and 1.9 arcsec wide), and
was oriented at Position Angle (PA) of 22° along the axis that connects two outflows, as seen in
Fig. 4.1(a) (slit S4). The exposure time for each spectrum in each filter was 1800 sec. The data
were analysed in the typical way using the IRAF software package. The spectra were calibrated
in heliocentric radial velocity (V) to £2.6 kms~! accuracy against spectra of a thorium/argon

lamp. The atmospheric seeing was varying from 1 to 1.5 arcsec during the observations.

4.3 SHAPE modeling

Most morphological information of PNe comes from imaging observations, but it can be com-
plemented with kinematics that is obtained from the spectrum through the Position-Velocity
(PV) diagrams. For the three-dimentional visualization of Hb4, we used the code SHAPE (Steffen
and Lopez 2006; Steffen et al. 2011) which has been extensively used to study the morpho-
kinematic structure of planetary nebulae (e.g. Akras and Steffen 2012; Clyne et al. 2015a; Akras
et al. 2016). The following method for the 3D modeling of Hb4 was presented in Section 3.2.
Here, we remind that SHAPE provides a list of tools (structural or physical) that allow us to
construct the 3D morphology and reproduce the kinematic structure of an extended object,
in this case a PN. The synthetic output image and PV diagram generated by our model are
qualitatively compared with the observational data. The modification of the model structure
continues until the synthetic image and PV diagram reproduce adequately the observed images

and PV diagrams, respectively.
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4.4 Results

The HST [N 1I] 6584 A image in Fig. 4.1 displays the morphology of Hb4. Fig. 4.1(a) clearly
shows the central bright ring of the nebula, the fainter roughly elliptical structure that surrounds
that annular core, as well as a number of filaments and low-ionization structures. The three
parallel slits positions of Lopez et al. (1997) (SI-S3) oriented in the east-west direction and
that of our observations at a PA of 22° (i.e. S4) are also displayed. Fig. 4.1(b) emphasizes the

collimated outflows which, in Section 4.4.3, are characterized as “knots”.

g S1 -Jl 2 .
\\ |

(a)

Figure 4.1: HST image of Hb4 in [N II] 6584 A emission line in low and high greyscale representation
(logarithmic scale). a) Emphasis is given to the central main ring and the elliptical structure around it.
Also displayed are the three parallel slits of Lopez et al. (1997), SI-S3, along with the slit position of our
observations, S4. b) The image shows labelled knots on both sides of the central PN included within the

slit S4, apart from knot 8 (see Section 4.5).

The elliptical structure, inside which the main core is located, consists of a major and a minor
axis, with projected lengths of approximately 15 and 6 arcsec, respectively. This structure in the
periphery of the main ring has a non-uniform shape, which might indicate either the interaction
of strong stellar winds with the interstellar/circumstellar medium, or an explosion preceded
the final ejection of the gaseous shell.

The bipolar outflows, which are the main subject of this project, are ejected on both sides
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of the nebula, and are not perfectly aligned with respect to each other. The direction away
from the central star of the northern outflows is tilted by approximately ~5 ° with respect to
that of the southern outflows, in agreement with Lopez et al. (1997).

For the classification of the fast moving outflows two cases are considered: (i) jets; (ii) string
of knots. In both assumptions, we consider the same model for the core of the nebula, which

we present directly in the following subsection.

4.4.1 Modeling the Hb4 core

In order to represent the outflows of Hb4 using the code SHAPE, it was necessary also to
reconstruct the main core of the nebula, so that the core would constitute the point reference
for the distances of the knots from the central star.

The overall structure of the core was adequately modelled with a torus. Fig. 4.2(a) displays
the mesh structure of the synthetic torus positioned on the HST image along with the obser-
vational slit position (two vertical lines of 1.9 arcsec width between them). The image scale is
the same as that in Fig. 4.1(b). Two groups of knots are also displayed, which are described
in Section 4.4.3, along with the symmetry axis perpendicular to the plane of the core (orange
line). The slit is at a PA of 22° with respect to the North, while, as derived from our SHAPE
model, the major axis of the torus is at an angle of 107° relative to the north, the angular size
of the torus is 7 arcsec and its mean expansion velocity is 144+5kms™!.

Fig. 4.3(a) displays the observational PV diagram of Hb4 in the [N II] 6584 A emission line, in
a low contrast that features the core’s spectrum. Fig. 4.3(b) illustrates the synthetic PV diagram
of the torus obtained with SHAPE, which reproduces the key structure of the observational PV.
The coloured areas in the synthetic spectrum represent the northern and southern parts of
the core which are redshifted and blueshifted, respectively.

Having the representation of the nebula’s core, we continue with the two scenarios for the

clarification of the outflows.

4.4.2 Outflows as jets

What makes Hb4 intriguing is that, according to the observational PV diagram (Fig. 4.4(b),
grey-scale representation), the most distant parts of the outflows seem to move outward more
slowly than the closer ones with respect to the main core of the PN. This does not agree with
previous findings for PNe (e.g. Riera et al. 2002; Vaytet et al. 2009) or for jets (e.g. Corradi
et al. 1999; Garcia-Segura et al. 1999).
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Nevertheless, a similar “abnormal” behaviour is reported in Devine et al. (1997) where the
observed outflows are eventually described as a chain of Herbig-Haro objects of complex
morphologies and radial velocities, which systematically decline with increasing distance from
the core of HH34 IRS. A similar expansion law - exponentially decrease with the distance from
the central star - has been reported in IRAS 18113-2503 (Orosz et al. 2018) and it is attributed

to the interaction between the outflow and the circumstellar envelope decelerating the gas.

Therefore, in the case of Hb4, the first scenario of uniform jets with a linear increase of
velocity with the distance from the main core fails to reproduce the observations. This re-
sult reinforces the second scenario that the outflows are likely to be separated substructures,

each one of which has emerged from the core with its own velocity at different explosion events.

4.4.3 Outflows as knots

The second hypothesis for the morphology of the outflows, is to consider them as string

of separated knots.

The first indication for this, was the difference between the substructures that were captured
in our slit position from the observations of 2015, and those that were present in the slit
positions in Lopez et al. (1997) (see Fig. 4.1a). We noticed that the microstructures presented
in our observations, were absent from Lopez et al. (1997). This suggests that the outflows
are likely not uniform structures. Depending on the slit position and orientation, different

fragments are able to be detected.

The second indication, which was quite unambiguous, came from the high resolution HST
optical image. In Fig. 4.1(b), where Hb4 is illustrated in the [N II] 6584 A emission line, the
fragmented nature of the outflows seems to be obvious. From that image -and from the echelle
spectra, as explained in the following paragraph- the knots contained in slit S4 which were
identified according to the available resolution, are knots 1-4 in the north-eastern outflow and
knots 5-7 in the south-western outflow. Knot 8 which is also labelled on the image, is not

included in slit S4, and it is explained in Section 4.5.

The third indication came from the contours in the observational PV diagrams. In Fig. 4.4(a)
the PV diagram of Hb4 is illustrated in the [N 1] 6584 A emission line, along with the contour
map. The contours parameters were chosen according to the counts of the knots, not of the
core, which explains the difference in the contour curves we see in the plot. The formed
contours on the outflows are an indirect but adequate proof that these outflows are not an
undivided structure, but they consist of many individual substructures in different distances

relative to the main star, and with different velocities. Again, the labelled vectors indicate the
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position of each knot -included in slit S4- in the observational PV diagram.

L. -

@) Ex /N | )

Figure 4.2: a) Superposition of HST [N II] 6584 A image along with the slit position and the SHAPE model
of the core, the knots for Hb4 and the symmetry axis perpendicular to the plane of the core (orange
line). The scale is the same as in Fig. 4.1(b). b) The same model without the HST image, and with the

two cones which define the region of the knots’ emission from the core.

Taking into account the above indications, the scenario of a string of knots is favoured.
Therefore, having as a fact that the collimated outflows in Hb4 are fast moving detached knots
receding on both sides of the core of the PN, we proceeded to the representation of the knots
with SHAPE as small spheres that follow a linearly decreasing velocity law towards the distance
from the central star.

Fig. 4.2(a) illustrates the superposition of the HST [N II] 6584 A image along with the 3D
mesh of the final model of Hb4, where the outflows are considered as group of separated knots.
Furthermore, it displays the axis of symmetry of the system perpendicular to the plane of the
torus (orange line), as well as the model for the torus, as this was described in Section 4.4.1.
All of these structures were produced with the SHAPE code. Information about the knots’
position derived from the SHAPE model (distance from the nuclear center and projected angle
of ejection with respect to the main axis) along with the velocities for the knots and torus,
are presented in Table 4.I. In this table, the expansion velocity Vexp = Vhel — Viys, is derived

from the observational data and is the velocity with which every structure of the PN is moving
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Figure 4.3: (a) Observational PV diagram of the core of Hb4 in the [N II] 6584 A emission line (slit S4).
(b) The synthetic PV diagram of the core obtained with SHAPE, overlaid on the observational diagram.

The redshifted and blueshifted regions of the core indicate the radial expansion of the core of Hb4.
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Figure 4.4: (a) Observational PV diagram in the [N II] 6584 A emission line of Hb4 along with the contours
lines and the positions of the knots included into the slit S4 (in linear scale). (b) Superposition of the

observational PV diagram and the synthetic PV diagram, produced with SHAPE.
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Figure 4.5: The produced SHAPE model of the core and the knots for Hb4, as it is displaced from four
different angles. The orange line is the symmetry axis of the PN, perpendicular to the plane of the torus.

The two cones demarcate the areas within which the knots are assumed to have been expelled from the

core. In panel (c), the coloured vectors represent the direction of Vg for each knot.
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Figure 4.6: Plot of the absolute outflow velocity of each knot with respect to its distance along the slit,
relative to the core of Hb4. The colours of the knots are the same as in the SHAPE model. Knots with
the same color constitute a pair of knots, considered to have been expelled at the same time from the

core of Hb4. The dotted lines represent the best-fitting lines obtained with the least-squares method.

relative to its center, where we consider the velocity equal to zero. The orientation of Veyp is
along the line of sight (i.e. is pointing into the plane of the page along the z-axis; see Fig. 4.2).
The velocity law in SHAPE is V = B>, where r and ro are given in arcsec. B stands for the
outflow velocity (Vo) in kms~! in Table 4.1, which is a velocity derived from the model and
its direction is along the symmetry axis of the PN (see Fig. 4.5¢). The projection of Vo, is the
expansion velocity. In Fig. 4.2(b), the same SHAPE model for the whole system is displaced
along with the two cones, each one of radius 7 arcsec and height 16.5 arcsec. These cones

indicate the region within which the emission of the knots is assumed to have taken place.

For a better understanding of the knots’ position in 3D space, four images are presented
in Fig. 4.5, where our model is viewed from four different angles. In Fig. 4.5(a), Fig. 4.5(b)
is displaced again for comparison reasons, and the z-axis points into the plane of the page.
Fig. 4.5(b) is like seeing Fig. 4.5(a) from the right. Fig. 4.5(c) and 4.5(d) present our model in

free-form angles. The knots with the same color are assumed to consist pairs of emitted knots,
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Figure 4.7: [N II] 6584 A emission-line profiles of the knots identified in slit S4, along with the profile
for the torus of the nebula. In panel (d) both knots 3 and 4 are presented as it is difhcult to separate

them because they are very close to each other.

as it is discussed in Section 4.5.

The synthetic PV diagram that corresponds to this final model is shown in Fig. 4.4(b) in
colour scale, along with the observational PV in grayscale. Indeed, this model gives a synthetic
PV which is in very good agreement with the observational diagram, as in the locations where
there is a knot according to the contour map, there is also a knot in the produced PV dia-
gram, too. This result clearly verifies the assumption for the “knots” model, this time from a

spectrum-analysis perspective.
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Component  Distance Angle Vhel Vexp Vout Kinematic age

(arcsec) (degrees) (kmsec™!) (kmsec™!) (kmsec™!) (years)
torus —72,—44 —13,15 15£2 3190+ 1090
knot 1 14.87£1.48 4.8 2.4 61 185+ 15 1100+390
knot 2 16.55+1.66 2.3 101 160 255+8 887+£305
knot 3 12.08+1.21 3.0 26.4 85 260+20 635+224
knot 4 10.61 +1.06 4.0 62 121 365420 397 £ 140
knot 5 12.42+1.24 8.0 —160 —101 —390£10 434 £ 150
knot 6 13.88£1.40 8.3 —140 —81 —290+20 660 +232
knot 7 15.24+£1.52 15 —117 —58 —185+25 1125 +417
knot 8 16.38+1.64 2.0 -219 —160 —251+10 890 + 309

Table 4.1: Velocities and Kinematic ages of the torus and the different knots. The distance of each knot
from the nebular center is also presented, as long as the projected angle of ejection of each knot with

respect to the main axis, as derived from the SHAPE model. The systemic velocity is Viys = -59 kms™!.

4.5 Discussion

In this work, we studied the morpho-kinematic structure of the PN Hb4 using new echelle
spectroscopic data, high resolution HST images and the SHAPE code. Hb4 displays a complex,
multi-polar inner structure with a pair of seemingly collimated outflows. A bright fragmented
ring-like structure is apparent together with an ellipsoidal component in the direction north-
west south-east (Fig. 4.1a).

In addition, a number of small scale features (knots) and filaments are also identified. We
believe that they exhibit a low-ionization spectrum similar to LISs (Gongalves et al. 2001; Akras
and Gongalves 2016). Similar types of fragmented equatorial rings and equatorial LISs have also
been found in several other PNe, such as the Eskimo nebula (Garcia-Diaz et al. 2012) and the
Necklace nebula (Corradi et al. 2011). It has been proposed that the photo-ionization front at the
later evolutionary stage of PNe is responsible for the fragmentation of the shells (Garcia-Segura
et al. 20006) as well as an interaction between a jet/collimated outflow with the circumstellar
envelope (Akashi et al. 2015).

Using the morpho-kinematic code SHAPE, we managed to reproduce the central ring-like
structure and its PV diagram assuming a toroidal component whose major axis is at an angle
of 107 ° with respect to the north. We found that the torus expands with an absolute mean

velocity of 14 +5kms™!, comparable with the velocities found in toroidal structures in PNe
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with a WR-type nucleus (between 15 and 30 kmsec™!); Akras and Lépez 2012; Akras et al.
2015; Gomez et al. 2018) and in agreement within the errors to the velocity given by Lopez
et al. (1997). Taking into account its angular size derived from our SHAPE model of 7 arcsec and
adopting the distance of 2.88 +0.86 kpc, we found a kinematic age of 3190+1090 years for the
torus (see Table 4.1).

Regarding the bipolar outflows, a decline in radial outflow velocity as a function of the
distance from the nucleus was found, as can be seen in Fig. 4.6. This velocity law is uncommon
in PNe given that most of jets or outflows show a linear increase of velocity with distance (e.g.
Riera et al. 2002; Vaytet et al. 2009; Corradi et al. 1999; Garcia-Segura et al. 1999). Nevertheless,
behaviour related to a decline in velocity has been reported in HH34 (Devine et al. 1997) and
IRAS 18113-2503 (Orosz et al. 2018) which is attributed to interaction of the outflows with the
interstellar/circumstellar medium. This encouraged us to explore these bipolar outflows as a
string of discrete knots rather than a jet. Making use of the HST [N II] 6584 A image and the
echelle PV diagram, four knots in the northern outflow and three knots in the southern were
identified. The resolution of our data might prevented the identification of more knots in the
outflows, while the current picture of knotty outflows is different from the scenario of two
elongated knots presented by Lopez et al. (1997).

The knots are moving outward with a range of expansion velocities along the line of sight
from —101 kms~! to 160 kms~! and a range of outflow velocities from —390 kms~! to
365 kms~!. The significant decline of outflow velocity with respect to the distance from the
central star is also in conflict with the bow shock model presented by Lopez et al. (1997). Knot
2 is moving outward with an expansion velocity of 160 kms~!, considerably higher than the
remaining three knots in the northern and southern outflows and, according to the model, at
an ejection angle from the main axis also higher than those of the rest knots, as illustrated
in Figs. 4.5(b), 4.5(c) and 4.5(d). This could be because of its ejection from the nebula during
the rotation of the PN, as explained below. However, as it is shown in Fig. 4.6, the outflow
velocity of knot 2 is consistent with the radial decline outflow velocity law, which indicates
that it is likely travelling inside the same ISM as the rest of the knots and experiences the
same deceleration. For the ambient ISM, a gradient in its composition (e.g. density gradient) is
assumed which accounts for the slowing down of the knots from the moment of their ejection.

The kinematical age of each knot in both outflows was estimated for D = 2.884+0.86 kpc.
From the results which are assembled in Table 4.1, two significant conclusions can be drawn. The
first is that the knots in the pairs 1-7, 3-6, and 4-5 have the same kinematical age, which implies
that the knots in each pair were expelled at the same time. Knot 2, which as mentioned above,

presents a displacement relative to the positions of the rest of the knots, had no equivalent
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component in the southern region included in slit S4 that could be considered its companion
knot during the explosion from the core. So, we selected from the HST image a knot (knot 8).
Because this knot was not included in slit S4, we could not have kinematical information about
it. Thus, we assumed that knot 8 has the same Vi, and the same displacement parameter z
as knot 2. Subsequently, the other two spatial parameters (x and y) of knot 8 were measured
on the AST image and used in SHAPE. Using these assumptions and information we calculated
its kinematical age. Indeed, its age was found to be very close to the age of knot 2, which
allowed us to consider that knots 2 and 8 are a fourth pair of knots in Hb4. The second
interesting comment regards a periodicity in the explosion events that the pairs of knots
appear to have; according to the calculated kinematical ages, each pair of knots was expelled
every 200 — 250 years from the core of the PN. Given that the deceleration of the knots is
present, the periodicity in the ejections could not have been perceptible if the composition of
the ISM was irregularly inhomogeneous. Thus, the gradient in its composition mentioned above
is supported which causes the deceleration of the knots, but also preserves the time interval
between the motion of the knots (i.e. they undergo a similar deceleration). However, it should
be taken into consideration that, the absolute values of the kinematical ages could be lower if
there was no deceleration of the knots.

Fig. 4.7 shows the profiles of the seven knots found in slit S4 along with the profile of the
torus of the PN. It should be noted that there is a possibility that some of the knots might
consist of more than one subknots which cannot be clearly identified due to the spectroscopic
resolution. A representative example of nearby knots presented in the same profile is that of
knots 3 and 4, as shown in Fig. 4.7(d). A second common feature in these profiles is the different
background, which is a clue for the inhomogeneity of the ISM that each knot encountered while
travelling outwards the main core. This results in the various expansion velocities of the knots
as presented in Table 4.1. In the torus profile, the two peaks correspond to the northern and
southern part of the torus which is included in slit S4, as shown in Fig. 4.2(a). The heliocentric
velocities of these parts are —72 kmsec™! and —44 kmsec™! respectively, while their expansion
velocities are —13 kmsec™! and 15 kmsec™!, respectively (see Table 4.I). This difference in
the velocities is justified due to the inclination of the torus relative to the line of sight. Thus,
the absolute mean expansion velocity of the torus has been calculated at 14 kms~! along the
line of sight.

The strong [N 1] 6584 A emission detected in these knots compared to the value of the
central parts implies some shock interaction with the circumstellar envelope (e.g. Raga et al.
2008; Akras and Gongalves 2016; Akras et al. 2016; Akashi et al. 2015). By examining the high
resolution HST [N 1] 6584 A image of Hb4, a misalignment of ~ 5 degrees between the northern
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and southern string of knots is found. One possible interpretation for this, could be the ejection
from a compact disk around a star in a binary that received a “push’ by the wind from the
other (p)AGB star (Huarte-Espinosa et al., 2013), which eventually caused this misalignment in
the emission of the knots. Another probable scenario could be a rotation mechanism present
in its central stars. Very recently, Garcia-Segura et al. (2014, 2016) have shown that surface
rotational velocity could in principle produce considerable asymmetries in these stars. Hence,
we suggest that each pair of knots was expelled from the core during the same outburst and,
due to the above mentioned possible mechanisms, a few degrees of misalignment was created.
Taking into account the periodicity in the emission of knots, the scenario of the rotating core
is considered as most probable. This leads us to the suggestion that Hb4 is the case of a
rotating central star which emits knots in an almost regular rate. Same mechanisms have been
proposed to explain the knotty curved jets detected in NGC 6778 (Guerrero and Miranda 2012)
or Fleming 1 (Boffin et al. 2012). Lopez et al. (1993) have shown that the north and south strings
of ionized knots in Fleming 1 PN could be generated by globules of gas ejected from a bipolar,
rotating source within the core of Fleming 1. The BRETs scenario (Lopez et al. 1995) provides
plausible explanation for the formation of the knots in Hb4. All the above cases reinforce
the hypothesis of a binary central system for this PN. However, we cannot yet rule out the
possibility that the knots had been shed symmetrically in the beginning, but the different ISM
they encountered altered their velocity and inclination with respect to the initial emission axis.
Further kinematical observations and theoretical modeling are needed.

Besides the bipolar knots, the presence of the fragmented torus and the equatorial LISs might
indicate a PN formed via the common-envelope channel (Miszalski et al. 2009; Jones et al. 2014;
Garcia-Segura et al. 2018). The fragmentation of the equatorial disk or torus into knots and
filaments has been revealed from high-resolution Hy images of the bipolar PN NGC 2346 with
a binary central system (Manchado et al. 2015). Akras et al. (2017) have also confirmed the
presence of H, gas in LISs embedded in NGC 7662 but there is no direct confirmation of a
binary nucleus.

The classification of Hb4’s central star as a hydrogen deficient WR-type? (Acker and Neiner
2003; Goérny et al. 2004) makes it uncommon since there are only two more known post-
common envelope binary systems in PNe with WR companion. The dual-dust chemistry re-
ported for Hb4 (Perea-Calderén et al. 2009) is also one of expected outcomes for a binary
nucleus with WR component. Hb4 also belongs to the group of PNe with high ADF(O*?) (3.7;

Garcia-Rojas et al. 2013) which may also be related with the presence of a binary central sys-

2WR-type stars are also denoted as [WR]. Although they show the same emission lines as typical Wolf-Rayet

stars do, they are not WR stars, but they are closely related to white dwarfs.
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tem. Soker and Livio (1994) discuss the presence of an accretion disk in PNe with binary central
systems as one possible mechanism for the formation of highly collimated outflows/jets. Jet
interaction with circumstellar envelope can also lead to the formation of an equatorial torus as
in Hb4 (Soker and Rappaport 2000; Akashi et al. 2015). Akashi and Soker (2008) confirmed
that jets can be responsible of equatorial ring, but with a mass significantly less than the to-
tal mass of the nebula; otherwise an additional mechanism is necessary for the formation of
the torus (e.g. common-envelope interaction). An interesting point is the finding that the jets
appear to be younger than the torus in the hydrodynamic models despite they are formed by
the same event (Akashi and Soker 2008). Indeed, the torus in Hb4 is found to be older than
the knots (Table 4.1). For known post-common-envelope PNe with binary nuclei, the toroidal
component is younger than the jets (e.g. Ethos 1, Miszalski et al. 2011). But, there are two
more PNe (NGC 6337, NGC 6778; Tocknell et al. 2014) in which the torus seems to have been
formed before the jets. The delay between the equatorial torus and jets in Hb4 is of the order
of 2000 vyears, comparable with the delay measured in NGC 6778.

The multi-polarity of Hb4 is also a very interesting finding as well as the various features that
can be clearly seen in Fig. 4.1. Rabaca et al. (2003) reported a faint secondary bipolar structure,
close to the central part, aligned with the minor axis. Apart from that, Hb4 also displays two
more bow-shaped filamentary structures in the north-west and south-east directions, formed
probably from a different episodic event than those of the pair of knots. No kinematical
information are available for these structures, so it is not possible to estimate the time they
were formed. Other PNe like Hb4 with multi-polar inner structures and knotty outflows have
also been found (i.e. Palmer et al. 1996; Harman et al. 2004). All these structures, their
inclinations and morphologies imply that there have been a number of ejections during the
lifetime of this PN.

However, further observations are needed (both high-resolution images and echelle spec-
tra) in order to measure proper motions, velocities and the dynamical ages of these features
and confirm how many different sequential ejections happened. This would provide valuable

information about the formation and evolution of this PN with a possible binary nucleus.

4.6 Conclusion

In this project, we presented a morpho-kinematical interpretation of the structure of the PN
Hb4. We conclude the following:
(i) The two bipolar outflows of Hb4 were classified as string of knots and characterized

by the decline in their outflow velocity relative to their distance from the central star of the
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nebula. This deceleration is probably a result of the interaction of the knots with either an
interstellar medium, which presents a gradient in its composition, or nebular material in the
vicinity of the nebula.

(i) In the northern and southern outflows, four and three knots respectively were identified,
each of which travels outwards from the nebula with its own expansion velocity, covering a
range from —101 kms~! up to 160 kms~!. The knots seem to have been expelled from the
core in pairs, following a periodicity in the explosion events of 200 — 250 years.

(iii) By the use of the code SHAPE, the central part of the PN was modelled as a torus, and
was found to have an absolute mean expansion velocity of 14 kms~!, and an outflow velocity
of 15+£2 kms~!. The low-ionization structures exhibited by the central part of the nebula,
indicate a common-envelope PN evolution.

(iv) We proposed that the central part of the nebula consists of a binary system that has a

WR companion evolved through the common-envelope channel.
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Chapter 5

5 SNR VRO 42.05.01

The scientific results of the VRO project which are presented below, were published in the
scientific journal Monthly Notices of the Royal Astronomical Society (MNRAS), Volume 499, Issue
4, pp. 5410-5415 (Derlopa et al. 2020).

5.1 Introduction

Massive stars (M > 8 M) and carbon oxygen white dwarfs members of interacting binaries
(i.e. Filippenko 1997) may undergo an explosively violent death (supernova explosion, SN). The
SN ejecta expand and sweep up the ambient medium. The resulting structure is progressively
transformed into a beautiful gaseous nebula which is called supernova remnant (SNR). SNRs
chemically enrich the host galaxy, they influence its dynamics, while the shock waves gen-
erated after the explosion are efficient cosmic ray accelerators. Moreover, the large-scale of
asymmetries and complex structures that SNRs usually display, reveal inhomogeneities present
in the ambient medium where they evolve in, and provide clues about the progenitor star,
since SNRs interact with the material expelled during the progenitor’s evolution (McKee 1988;
Chiotellis et al. 2012). The importance and utility of probing SNRs relies on providing answers
for the above crucial astrophysical topics.

Valuable information about the physical processes that dominate in SNRs are gained through
imaging and spectroscopic data. Nevertheless, regardless of the details that state-of-the-art
astronomical instruments can depict, the fact that these data are two dimensional (2D) restricts

the range of our knowledge for these objects, due to the absence of the information in the third
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dimension along the light of sight. Consequently, the benefits from a three dimensional (3D)
study of a SNR aim at a deeper interpretation of the collected observational data.

Up to date, two are the main tools for gaining information on the missing third dimension of
SNRs: (a) the 3D (magneto) hydrodynamic (MHD) models (Toledo-Roy et al. 2014; Bolte et al. 2015;
Abellan et al. 2017; Potter et al. 2014; Orlando et al. 2019), which reproduce the 3D physical
properties by comparing the 2D projection of the models with the observational data, and
(b) the 3D velocity-maps (Delaney et al. 2010; Alarie et al. 2014; Milisavljevic and Fesen 2013;
Williams et al. 2017) which are created by the proper motion and Doppler shifted velocities of
different parts of the remnant.

In this project we take a third approach, the so-called “Morpho-Kinematic modeling” which,
up to now, it has been applied successfully in Planetary Nebulae (Akras and Lépez 2012; Akras
and Steften 2012; Clyne et al. 2015b; Akras et al. 2016; Fang et al. 2018; Derlopa et al. 2019;
Gomez-Gordillo et al. 2020), but never in SNRs. This method reconstructs the 3D morphology
of the object by using imaging and high-resolution spectroscopic data. The lack of such a
3D model in the field of SNRs was our motivation to proceed in the creation of the first 3D
Morpho-Kinematical (MK) model of a SNR. For our 3D MK model the astrophysical software
SHAPE was employed (Steffen and Koning, 2017), while as a case study we used the Galactic
SNR VRO 42.05.01 (hereafter VRO) for which no 3D model has been constructed before.

The VRO properties are presented in Section 5.2. The observations are described in Section
5.3. The 3D MK modeling and its results are presented in Section 5.4 and 5.5, respectively. In
Section 5.6 we discuss the interpretation of our results and we end with our conclusions in

Section 5.7.

5.2 SNR VRO 42.05.01 - Properties

VRO 42.05.01 (also known by its Galactic coordinates as G 166.0+4.3; 0000: 05"26™30°, 85000:
+42°56'00") is an extended Galactic SNR (55 arcmin x 35 arcmin; Green 2019), already well-
studied in radio, optical, X-rays and y-rays wavebands. It has been a subject of investigation
for many decades now, especially due to its peculiar shape, as it will be explained below. It
falls into the category of Mixed-morphology SNRs (Rho and Petre 1998, and also see Section
1.7) as it presents a shell-like, non-thermal emission in the radio waveband and a thermal,
centrally-peaked one in the X-rays (Fig. 5.1).

Sharpless (1959), using the imprints of optical nebulae at the Palomar Sky Survey;, initially
classified VRO as an H Il region. Subsequently, optical observations unveiled the filamentary

structures of the source (van den Bergh 1960, van den Bergh et al. 1973) and helped emission line

140



o Qoo 000008 .00t .08 o.oo? 000w oo ooms? ooss

Figure 5.1: VRO 42.05.01 in radio and X-ray bands. The cyan contours correspond to CGPS radio
observations at 1420 MHz. The X-ray mosaic is constructed from archival ROSAT PSPC observations
in the 0.1 - 0.4 KeV band. We can see the central-peaked X-ray region, surrounded by a radio-shell

structure, which is characteristic of Mixed-morphology SNRs. Image credits Arias et al. (2019b).

ratios to be measured (D’Odorico and Sabbadin 1977). Dickel et al. (1965) reported the detection
of an extended radio source centered at the coordinates of VRO. Although this radio source
had also been reported in 1962 by Hogg, it had not been previously catalogued. Therefore, it
was given the name VRO (due to the Vermilion River Observatory where this radio detection
occurred) and the number 42.05.01. By this way, this SNR was eventually named as VRO
42.05.01

All the above observational data in conjunction with a non-thermal spectrum of spectral
index = 0.4 (Haslam 1971), established VRO as a SNR.

Further proof reinforcing the SNR origin came from Lozinskaia (1979) (study in the optical)
who revealed the presence of high-velocity gas (~140 kmsec™!) corresponding to a shock-wave
velocity of ~200 kmsec™! and implying that the remnant is in its adiabatic phase with an age
of 6x10* years.

Regarding other wavelengths, VRO has also been studied in the X-rays from Burrows and
Guo (1994) and Guo and Burrows (1997), using ROSAT and ASCA observations respectively.
The ROSAT image (at 0.5-2.0 keV) brought to light an X-ray shape similar to the radio morphol-
ogy of VRO. What differs though is that the X-ray remnant is more centrally-peaked than the ra-
dio one. The derived X-ray spectrum (either from ROSAT or ASCA) is consistent with a ther-
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mal remnant having an X-ray temperature of ~ 8.5 x 10 K. The measured absorbing col-
umn density varies across the remnant and has values of a few times x10*'em=2. The au-
thors note that taking into consideration the distance of the remnant which is 4.5 -5 kpc (Lan-
decker et al. 1982, 1989), the column density appears to be rather low which implies a low mean
density along the line of sight. Additional X-ray observations have been performed by Bocchino
et al. (2009) with XXM-Newton and Matsumura et al. (2017) with Suzaku. The assumption that
the central-peaked X-rays source is non-thermal is reinforced by the studies of Biggs and Lyne
(1996) and Lorimer et al. (1998) who found no pulsar at the center of VRO.

VRO has also been studied in y-rays by Araya (2013), who detected a GeV emission, at-
tributed to leptonic origin. On the other hand, with respect to the HI observations, the surveys
conducted by Braun and Strom (1986) and Landecker et al. (1989) aimed at investigating how neu-
tral gas is associated with the remnant and distributed in its vicinity. It has been found that there
is an intimate connection of HI with the radio/optical morphology. For example, many struc-
tures appear to coincide, post-shock HI has been identified while a prominent hole appears in
the HI map where the hot, low-density cavity is. Furthermore, Landecker et al. (1989) estimated
the systemic velocity of VRO at Viys = -3445 kms™!, while its location was constrained at the
Perseus spiral arm at a distance of 4.54+1.5 Kpc. With respect to its distance, new studies
provide a much lower value of 1.0+0.4 Kpc (Arias et al. 2019a).

Regarding the conducted surveys in the optical band, the photographic plates of the Palo-
mar Observatory Sky Survey (POSS) were the first to shed optical light to the whole rem-
nant ( Ho+[N 1] 6548, 6584 A, [SII] 6716, 6731 A, [O 1l[] 5007 A images; van den Bergh et al.
1973; Parker et al. 1979). Since then only a handful of studies has been conducted, focus-
ing rather on specific regions of the remnant, either photometrically (deep [O IlI] 5007 A im-
ages; Fesen et al. 1983, Ha+[N II] 6548, 6584 A, [SI] 6716, 6731 A images; Pineault et al.
1985) or spectroscopically (Esipov et al. 1972, D’Odorico and Sabbadin 1977, Fesen et al. 1985).

After 30 years of inaction in the optical waveband, Boumis (2019) presented the most
completed study of VRO that has been performed up to date, in imaging and spectroscopy. In
particular, the continuum-subtracted, deep Ha+[N II] 6548, 6584 A, [0 1] 5007 A and [ST] 6716,
6731 A wide field images that were obtained depict the total area of VRO, while the Ha+[N II] 6548,
6584 A and [O1l] high resolution images which were also obtained for selected regions of
the remnant, revealed the fine structures of the optical filaments. With respect to the spec-
troscopic data, the high resolution echelle spectra aimed at revealing the kinematics of VRO,
while through the low resolution spectra and the extracted characteristic line ratios, the phys-
ical properties of the remnant (e.g. electron density) can be constrained. The new obtained

observational data from Boumis (2019) were used in this Thesis in order to reconstruct the 3D
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MK model of VRO with SHAPE software (see Section 5.3).

VRO was chosen for the 3D MK model due to its intriguing morphology which basically
consists of two main parts: i) a hemisphere at the northeastern region called the “shell” and
ii) a larger, bow-shaped shell at the southwestern region, called the “wing” (Landecker et al.,
1982) (see Fig. 5.2). Due to its complex morphology, it has drawn the attention of the scientific
community attempting to explain its overall shape. According to Pineault et al. (1987), the initial
explosion of the VRO occurred in a region characterized by a density discontinuity. The part
of the remnant that evolved into the denser region created the “shell” component, while the
rest diffused into a hotter and tenuous medium and shaped the “wing” component. However,
according to the recent results presented by Arias et al. (2019a), there is no physical proof
of an interaction of the remnant with the surrounding molecular clouds and they attributed
the almost triangular shape of the “wing” to a Mach cone cavity which was created by a
supersonically moving progenitor star and was filled out by the SN ejecta. Finally, Chiotellis
et al. (2019) modelled the observed morphology of VRO with 2D Hydrodynamic simulations,
suggesting that the remnant is currently interacting with the density wall of a wind bubble
sculptured by the equatorial confined mass outflows of a supersonically moving progenitor star.

The interpretation of the remnant’s morphology still remains an open issue. Our aim is,
using the physical results presented below that deduced from the 3D MK model, to contribute

to the clarification of unanswered questions with respect to this intriguingly complicated SNR.

5.3 Observations

The observational data necessary for the implementation of the 3D MK model, are imaging
and spectroscopic. Wide field imaging provide the overall morphology of the SNR, while high-
resolution images reveal in detail the filamentary structures of specific regions of the remnant.
On the other hand, through the high-resolution echelle spectra analysis we obtain the kinematic
information for the part of the nebula for which we obtained spectrum. Wide-field images and
echelle spectra are used as background images in the software SHAPE which was employed
for the model, as analytically was discussed in Section 3.3. Below we present the information

with respect to the imaging and spectroscopic data.

5.3.1 Wide Field imaging

The 0.3m telescope at Skinakas Observatory (Crete, Greece) was used in order to cover the

whole area of the SNR VRO 42.05.01 (55x35 arcmin?). The telescope is of Schmidt-Cassegrain
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type, with focal ratio f/3.2. The observations were performed in 2000 and 2001. The used
camera was a 1024 x 1024 pixel?> Thomson CCD, with pixel size 19um, image scale 4 arcsec pixel
~I'and FOV 70 x 70 arcmin®. The images were taken in the narrow band filters Ho+[N II] 6548,
6584 A, [O 1lI] 5007 A and [SII] 6716, 6731 A (Fig. 5.2), with exposure time E.T. = 2400 sec in
each filter. Corresponding continuum images were also obtained with E.T.= 180 sec each, and
were subtracted from those containing the emission lines to eliminate the confusing star field
(Boumis et al. 2012, 2016).

For the needs of the presented 3D model, the Ha+[N II] image was used due to the high

brightness of the remnant in this emission line in its total area (see Fig. 5.2a).

5.3.2 High-resolution imaging

High resolution images were taken with the 2.3m “Aristarchos” telescope (Ritchey-Chretien
type, /8 final focal ratio) in Helmos Observatory (Greece), between 201l and 2019. For the
needs of the project, two cameras were used: i) the 1024x1024 pixel> LNCCD camera, with
pixel size 24 um, image scale 0.28 arcsec and FOV 4.8x4.8 arcmin?, and ii) the 2048x2048
pixel> LN2CCD camera, with pixel size 13.5 um, image scale 0.16 arcsec, FOV 5.5x5.5 arcmin?,
and binning 2x2. The images were taken in the narrow band filters Ha+[N 1] 6548, 6584 A,
[O 1 5007 A and [STI] 6716, 6731 A, with exposure time E.T. = 1800 sec in each filter.

Furthermore, broad band filters of continuum red and blue were used for the background
stellar subtraction in the images Ha+[N II] 6548, 6584 A and [O 1Tl 5007 A respectively. The
used continuum red has a maximum efficiency of A = 6680 A and range AL = 100 A, while
the maximum efficiency of continuum blue is at A = 5700 A with a range of AL = 70 A.
Further information about the filters characteristic can be found in Helmos Obs. web-page:
http://helmos.astro.noa.gr/. Finally, bias and flat images (in each filter) were also obtained,
necessary for the data analysis.

The usage of high-resolution images was to imprint in detail the great filamentary structures
scattered all over the area of VRO, in order to include them in its 3D representation. Both, the
wide field Ha+[N 1I] 6548, 6584 A image overlaid with the high-resolution images are shown in
Fig. 5.3 (Boumis et al. 2021 in prep.).

5.3.3 Field of View images with the MES-SPM

MES-SPM has an additional operational mode of taking Field Of View (FOV) images overlaid
with the slit position (Fig. 5.4a). We were taking a FOV - slit image right before and after each

exposure (in the beginning before the spectra data, and in the end after the spectra and arc
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Figure 5.2: Wide field images of the SNR VRO 42.05.01 obtained at Skinakas Observatory (Crete,
Greece) in filters Ha+[N 1I] 6548, 6584 A, [O III] 5007 A and [S1I] 6716, 6731 A. In image (a), the two basic

components of VRO are also labelled, the “shell” and the “wing”.
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Figure 5.3: Wide field image of VRO 42.05.01 in Ha+[N 1I] 6548, 6584 A from Skinakas telescope (Crete,
Greece), along with the high-resolution images obtained with “Aristarchos” telescope (Helmos, Greece)

(Boumis et al. 2021 in prep.).

data), in order to check any potential movements of the slit position. The exposure times were
80 — 240 sec.

These images are very important in order to verify that we have put the slit in the correct
region of the nebula where we want to obtain its spectrum. Furthermore, apart from the
nebula, we seek to have some stars captured in the slit too, because their vertical emission
lines in the obtained spectrum help us to specify the exact position of each part of the nebula
along the slit. The bright star in Fig. 5.4 is a representative example. The stars should not be
too faint, otherwise their emission lines will be faint too in the spectra and won'’t help us at
all. Nor should they be too bright, because then there would be the danger of their brightness

to “obscure” part of the nebula’s spectrum we want to probe.

5.3.4 High-dispersion long-slit spectroscopy

High-resolution long-slit echelle spectra were obtained in Ha+[N 1I] 6548, 6584 A, [O
1] 5007 A and [SI]] 6716, 6731 A between the years 2010 and 2019 (Boumis et al. 202l in
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Figure 5.4: a) The FOV of a specific region of the SNR VRO 42.05.01, along with the slit position
(horizontal line in the middle of the image). The slit has a length of 5.5 arcmin and a width of 300 um,
which corresponds to 3.9 arcsec in the sky. b) The obtained echelle spectrum which shows the emission
lines of the part of the nebula that was captured inside the slit. We see that the spectral order m = 87 of
the MES-SPM isolates these three emission lines. The bright, vertical line on the right of the spectrum
is the emission from the big star captured on the right part of the slit in image (a) (big, black dot on the
right).

prep.) at the 2.Im telescope in San Pedro Martir Observatory, Mexico, with the Manchester
Echelle Spectrometer (MES-SPM; Meaburn et al. 2003). A 2048 x 2048 (13.5 um pixel size)
CCD was used with a two times binning in both the spatial and spectral dimensions, resulting
in a 0.35 arcsec pixel™! spatial scale. The slit length corresponds to 5.5 arcmin on the sky,
while the slit width used was 300 pum, which corresponds to 20 km s~! or 3.9 arcsec wide
or 0.44 A (Fig. 5.4). In total, 26 long-slit spectra were obtained with the purpose to cover the
key areas of the remnant. From these, 21 spectra were obtained with slit Position Angle (PA)
of 45° with respect to the North and the rest 5 at a PA of 90° (Fig. 5.6a). The spectra were
finally calibrated in heliocentric radial velocity (V) to + 2.6kms~! accuracy against spectra of
a Th-Ar lamp. The data were analyzed in the standard way using the IRAF software package.
From the spectra analysis, the Position Velocity (PV) diagrams were deduced (see Fig. 5.5), from
which the kinematical information was obtained which was necessary for the needs of the 3D

model.
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Figure 5.5: Wide field image of VRO in Ho 6563 A emission line, overlaid with the PV diagrams at the
equivalent positions where we have obtained echelle spectra. The slits positions are marked with the
cyan and red labelled lines, while the PV diagrams are the plots seen on the left of the slits. In the
subregions which are included in the two black boxes, the slits 6, 7, 8 and 15, 16 respectively were
too close each other and therefore their PV diagrams were overlapping when illustrated simultaneously.

This is why we present the PVs of slits 6, 8 and 16 separately in the magnified boxes.

5.4 SHAPE modeling

A 3D study of extended emission line sources like PNe, H Il regions and SNRs is essential
to provide new insights to their formation and evolution. Although PNe have been extensively
studied via 3D MK modeling, there was no similar work for SNRs. The reasons for this were
i) SNRs are usually very extended sources, which means that, apart from the imaging data, a
great amount of spectroscopic data is also required for a full coverage of the remnant, ii) the
asymmetries that SNRs usually display in their shape denote a great complexity in morphology
and kinematics which is an additional factor of difficulty in the 3D modeling and iii) many SNRs
are thin shells with low central emission along the line of sight, therefore most of the optical

emission is tangent to the observer and hence radial velocities are close to zero. In this Thesis,

we reconstructed the first 3D MK model for a SNR (VRO 42.05.01), using SHAPE software. The
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3D SHAPE Model

shell

(b)

Figure 5.6: Fig. (a) shows the VRO in Ho+[N II] 6548, 6584 A emission lines. The blue labelled lines
represent the slits’ positions where high resolution spectra were obtained. In Fig. (b) the 3D model of VRO
is demonstrated, where its three components are labelled, and Fig. (c) illustrates the 3D model in mesh-
grid representation overlaid on the Ha+[N II] image, without the slits’ positions. The difterent colours
correspond to the distinct components of the remnant with respect to their morphology and kinematics.
The black arrows point to the direction of expansion of the green region and the “hat” component of
VRO. The three coloured dots illustrate the geometrical center of each component, which coincides with

the center of each component’s velocity field too.
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Figure 5.7: 3D model of VRO in mesh-grid representation, as seen from different angles rotated through

X, y and z axis. For colour description see Fig. 5.6.

followed method for the creation of its 3D MK modeling, was extensively presented in Section

3.3. Below, we present the results of this study.

5.5 Results

Three components: Fig. 5.6a illustrates the observational Ha+[N II] image of VRO along
with the slits’ positions (blue, labelled lines) while in Fig. 5.6b the 3D model of VRO is presented.
In the model we used the wing’s outer edges as closed-ended, even though in Fig. 5.6a it seems
that they are open-ended. A higher contrast version of this image, shows that even they
are fainter and not continuous, they are closed, but the possibility of having shock break-out

features there cannot be ruled out.

Apart from the “shell” and the “wing” components, a third component has also been added
in the southwestern region of the remnant, that we term it as the “hat”. The reason for rep-
resenting this part as a separated structure was that, according to the observational data and
the model, this lower part of the “wing” protrudes with respect to the rest “wing”, and also
shows a different kinematic behaviour. In Fig. 5.6c, the 3D visualization is illustrated but in a
mesh representation, overlaid on Fig. 5.6a without the slits positions. The different colours
correspond to the distinct components of the remnant, each one of which is characterized by
its own morphology and velocity field. Fig. 5.7 also presents the mesh representation of VRO,

as seen from different directions.

Morphologic attributes: We found that the whole remnant is tilted by approximately ~ 3-5
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degrees with respect to the plane of the sky. That means that the “shell” goes inwards the
page, while the “hat” component goes outwards from the page. Concerning the “wing” compo-
nent, the model showed that its northern part is bent with respect to its eastern counterpart,
implying a possible interaction with a denser ambient medium at this part of the remnant (see
also Arias et al. 2019a). In addition, a part of the “wing” penetrates the central region of the
“shell” at its front side (see Fig. 5.6a near slit 26), but also at its back side as well as shown by
the model. Furthermore, the straight filament that crosses the shell in the positions of slits 11

and 22, is attributed - based on our model - to the northern back side of the “wing” component.

Velocity field in Ho 6563 A emission line: The systemic velocity of the SNR was calculated
to be Viys = -1743 km s~! lower than the value of Viys = —34 km s~! proposed by Landecker
et al. (1989). With regards to the expansion velocities of each component, the model showed
that VRO is not characterized by a uniform velocity law. The “shell” appears to expand at a
velocity of Vexp = 115+5 kms™!. However, the upper part of the “shell” (green region in Fig. 5.6¢)
presents an expansion velocity towards north-east of Vexp, = 155+15 kms™!, which is higher
than that of the rest “shell”, and also corresponds to the the highest velocity of the remnant in
total, in this emission line. The “wing” appears to have an average velocity Vexp = 115+5 kms™!,
same as the “shell” counterpart. On the opposite side of the remnant in the south-west region,
the “hat” was found to expand at a velocity of Vexp = 90£20 km s~ !, which is lower than that
of the “wing” component. The black arrows in Fig. 5.6¢ point to the direction of the radial

expansion of the green region and the “hat” of VRO.

In order to conclude for the expansion velocity of each part of the VRO, both the synthetic
structure and the synthetic PV diagrams created with SHAPE should be in agreement with the
equivalent observational data of VRO (imaging and spectroscopic). This is further explained in

the next paragraph.

Position velocity (PV) diagrams in Ho: Apart from the morphological resemblance of
the reproduced model with the observational image, our guide in order to check the validity
of our model was the overall agreement between the observational PV and the synthetic
PV diagrams produced with SHAPE. Therefore, we kept modifying the morphology and the
velocities of each component, up to the point that we achieved the best agreement between all
the 26 observational and produced spectra simultaneously. In Fig. 5.8, the 26 observational PV
diagrams in Hoo emission line are presented (black-coloured lines) overlaid with the synthetic

coloured PVs reproduced with SHAPE. The blue and red lines correspond to the blue-and red-
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Figure 5.8: The 26 PV diagrams in Ho emission line extracted from the echelle spectra and used in
the SHAPE code for the 3D modeling of VRO. In black-coloured are the observational PVs, while in
blue-red coloured are the synthetic PVs produced with SHAPE, overlaid on the observational diagrams.

For description see Section 5.5.
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shifted part of the remnant, respectively.

A point that requires particular attention is that the synthetic PVs from the slits that located
at contact regions of the remnant, present two pairs of blue-red lines. This is because the
contribution in their synthetic spectra comes from both components. In particular, in slit 18
there is contribution from the “hat” and the “wing”, in slits 24 and 26 from the “wing” and the
“shell”; while in slits 11 and 21 from the “shell” and the back side of the “wing”. Similarly, in
the synthetic PV of slit 26, both the “wing” and the back side of the “shell” contribute to the
reproduced, synthetic PV diagram.

The matching between observational and synthetic PVs is quite sufficient, and it has been
achieved for all the 26 spectra obtained for VRO. The goal was the overall fitting between ob-
servational and synthetic spectra, neglecting at this point individual substructures (blobs etc.)
that the spectra may illustrate. Therefore, the model results are consistent with the observa-

tions in both imaging and spectroscopic data.

Velocity field in [O Ill] 5007 A emission line: With respect to the [O Il[] 5007 A emission
line, VRO shows intense oxygen radiation in the regions which are shown in Fig. 5.9. These are
the upper part of the “shell” component, the half northern “shell”, and the “hat” component.
In the “wing” there is almost no [OII] at all, apart from a linear filament at its lower-left edge.

In order to calculate the expansion velocity of VRO in [O III] 5007 A with SHAPE, we
obtained echelle spectra in the regions of the slits 2, 5, 8, 9, 10 and 18, as these are shown in
Fig. 5.9, were the emission in this specific line is quite intense. Unfortunately, we do not have
spectrum near the region of slit 20, i.e. the lower-left edge of the “wing” component, which is
the only part of the “wing” that shows strong oxygen emission. Therefore, we do not have the
equivalent kinematic information about its expansion velocity in [O1ll], as we do have for the
rest slits positions.

According to the results of our model, the expansion velocity in [OIll] of the upper “shell” (slits
5,8 and 9) is Vexp = 190410 kms™!, the rest “shell” (slits 2 and 10) is expanding at a veloc-
ity of Vexp = 130+10 kms™!, while the expansion velocity of the “hat” component (slit 18) is
Vexp = 110420 kms~!. These expansion velocities are in good agreement with the equivalent
velocities in Hot 6563 A emission line deduced from our model, if we take into account the
range or uncertainties in the calculation of the velocity for each component (Table 5.1).

With respect to the spatial distribution of [O1ll] and Her 6563 A in VRO, in Fig. 5.10 we
present the wide field image of VRO in Ha 6563 A overlaid with the [O 1lI] 5007 A, in order to
directly compare the regions of each emission. Similarly, in Fig. 5.11, high-resolution images of

Ha 6563 A overlaid with the [O 1II] 5007 A images are illustrated, for five out of six regions of

153



[O I1I]

Figure 5.9: Wide field image of VRO in [O III] 5007 A emission line. The overlaid labelled slits indicate
the positions where we have obtained echelle spectra in [O Il 5007 A line. The almost vertical diffuse

line that crosses the remnant is a ghost.

VRO. In this regions we have also obtained echelle spectra, i.e. regions of slits 2, 5, 9, 10 and

18.

From the physical point of view, the emission of this specific forbidden line results from
the collisional excitation and spontaneous de-excitation of the double ionized oxygen ions (see
Section 1.8.5). To review the basics, [O1ll] is formed in regions where the gas temperature T <
10* K. In this -relatively- cold gas, the free electrons are of lower energy, but still their energy
is adequate in order to excite the already double ionized oxygen atom into its metastable states,
through the collision mechanism. Therefore, [OIll] is present in the radiative phase of the
remnant -when the temperature of the post shocked gas has been reduced- and, with respect
to its spatial distribution, it is very often found behind the front shock itself. This is why
[OIl] constitutes a good indicator of the presence of hot, shocked material (see also Section

5.6, “Discussion”).

Position-velocity (PV) diagrams in [OIll]: Fig. 5.12 illustrates the observational PV di-
agrams (in black) calibrated in Vj.j;,, overlaid with the synthetic PVs produced with SHAPE

code (blue-red coloured). The later indicate the blue and red shifted regions of the nebula
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Emission line VeXp(upper shell) VeXp(shell) Vexp (wing) VCXp(hat)

(kmsec™!) (kmsec™!) (kmsec™!) (kmsec™!)
Ho 6563 A 155+15 115+5 115+5 90 +20
[O III] 5007 A 190+ 10 13010 — 11020

Table 5.1: This Table illustrates the expansion velocities of the components of VRO in Ha 6563 A and
[O 1] 5007 A emission lines, as these are deduced from the SHAPE model. In the “wing” component
there was no spectrum available in the [O III] 5007 A, so we do not have kinematic information about
this component in this specific line. With regards with the rest parts, the velocities of the “shell” and
the “hat” are of the same magnitude, within the range of errors for both emission lines, while for the
“upper shell” we note that [OI] line is slightly faster that the Ha 6563 A. For further discussion, see in

the text.

respectively. As we noted in the equivalent PVs of the Ha emission line, the purpose was to
reproduce with SHAPE code the overall shape of the observational PVs, neglecting at present
individual, denser structures as blobs, knots etc that the remnant includes. We should note,
however, that in some subregions of VRO, it seems that oxygen is spatially in front of hydrogen
(Fig. 5.11, images for slits 5 and 10). These local, diffuse emissions of oxygen did not influenced
the reconstruction of our 3D MK model using this specific line; the 3D representation was the
same as that for the Ha line. To conclude, the synthetic PVs produced with SHAPE for the
[O 1] illustrate very good fitting with the equivalent observational PVs, similarly to the results
of the Ha 6563 A PVs. Therefore, the model is consistent with the observational data in this

emission line as well.

Filamentary structures: Finally, an intriguing point of VRO which is related to its morphol-
ogy, are the filamentary structures that it presents. As shown in Fig. 5.6a, the remnant shows
a filamentary structure, but especially in the “shell” there is network of filaments, crossing the
entire surface. The most intense of them were reproduced as indentations on the surface of the
component (see Fig. 5.6b). Pineault et al. (1987) had also characterized the “shell” as “surface
spherical in grand design but indented in detail”’. However, these filaments may also indicate
higher densities in these regions of VRO.

A network of filaments is also present in the “hat” component. They can be clearly seen in
Fig. 5.3, covering the area from slit 16 to slit 18. The extended filaments of the “shell” were
obvious in the wide field image of VRO which was used in SHAPE, and this is why they could

be reproduced. On the contrary, the filaments of the “hat” are of much smaller scale, much
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Ha + [N 1I] — red
[O 1] — blue

Figure 5.10: Wide field image of VRO in Ha 6563 A emission line (red) overlaid with the [OTI] emission
line (blue). The blue, almost vertical line that crosses the nebula is a ghost. It is clearly shown that the
only parts of the remnant where strong [O III] 5007 A is present, are its half-upper “shell”, the “hat” and
the down-left part of the “wing ” next to the “hat” component. This indicates the presence of strong

front shock wave (see “Discussion” Section 5.6.)

closer to each other, and therefore they weren’t obvious in the wide field image, but only on

the high resolution images of VRO. This is why their reconstruction with SHAPE wasn’t possible.

5.6 Discussion

Due to its peculiar morphology, VRO has become the subject of investigation for many
years, in an attempt for its morphology to be correctly interpreted. The 3D visualization of
VRO presented in this Thesis, managed to reveal its overall morphology for the first time. This,
in conjunction with VRO’s extracted velocity field, shed light into its evolutionary history along
with the properties of the ambient medium that contributed to VRO’s current general shape.

According to our model, VRO consists of three basic components: a “shell”; a “wing” and
a “hat”. This distinction is on the basis of their morphology and kinematics. The first two
structures were adopted from the already known literature and proved to have the same ve-

locities range (Vexp = 1155 km s~ 1), while the third structure was added in the model due to
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Ha + [N 1] — red
[O 111] — blue

N

Figure 5.11: We illustrate high resolution images of five out of six regions of VRO, where we have
obtained echelle spectra, too. These images which are a composite overlay of Ha 6563 A images (in red)
and [OIll] images (in blue), present the co-existence of both emission lines at these specific regions of

VRO.

its different kinematics (Vexphat =90£20 km s~1) and the protrusion it presents with respect
to the “wing” component. Finally, we found that, although the “shell” seems to be morpho-
logically unified, its upper part (green region in Fig. 5.6¢) expands with a higher velocity of
Vexp = 155£15 kms—!.

Our 3D MK model showed that the remnant’s morphology displays a roughly axial symmetry
in the azimuthal and polar dimension, in agreement with the assumption we made for the
modeling of VRO in the first place. This result advocates that VRO most likely was shaped under
an axis or central symmetric mechanism linked to the nature and evolution of the progenitor
system. From this perspective our results are aligned to the scenario proposed by Chiotellis et al.
(2019), based on the 2D Hydrodynamical model performed for VRO. This is a time-dependent
model whose sequential evolutionary stages are illustrated in Fig. 5.13.

According to this 2D HD model, the progenitor star of VRO was a rapidly-rotating, massive

star, supersonically moving with respect to the local sound-speed. This star was characterized
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Distance along slit (arcmin)

Figure 5.12: The PV diagrams of [O lll] emission line deduced from the echelle spectra, as these were
obtained from six selected regions of VRO (slits 2, 5, 8, 9, 10 and 18 in Fig. 5.6). In black are the
observational spectra, while in blue-red the synthetic spectra produced with SHAPE code. The latter

correspond to the blue-red shifted regions of the nebula respectively. For description see Section 5.5.
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Figure 5.13: The 2D HD model of VRO. (a) and (b) The progenitor star is moving supersonically upwards,
while due to its rotation and strong stellar winds, a wind-bubble cavity is created around it. (c) The star
explodes inside this bubble, and its SN ejecta is propagating through this cavity. (d) The SN ejecta has
filled out the cavity, resulting in the shape of VRO we currently observe. According to the orientation

of this model, the “hat” component is upwards, while the “shell” is downwards.
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by strong stellar winds, which resulted in the excavation of a wind-bubble around it (for “Wind
Bubbles” see Section 1.9). When the star finally exploded as a Supernova, the explosion took
place inside the pre-existed wind-cavity. Within the framework of this model, the similar
velocities that the “shell” and the “wing” display -despite their different shapes and sizes-
can be attributed to the deceleration of the remnant caused by the collision of the SN blast
wave with the density walls of the wind-bubble. In the fast expanding upper part of the
“shell” (green region) we may witness a shock breakout, where the blast wave penetrated the
CSM density wall and is currently propagating in the lower density ambient medium. Finally, the
“hat” component coincides with the region of the bow shaped CSM where the stagnation point
is lying, the latter created due to the supersonical movement of the progenitor star towards
this direction. The high circumstellar densities expected in the area of the stagnation point (e.g
Chiotellis et al., 2012) is aligned with the low velocities we gain from the “hat” component of
the remnant.

The scenario of having two shock breakouts at these two diametrical points of VRO is
reinforced by the presence of strong [OIll] at these areas, as it is shown in Fig. 5.10. This
is because, in general, [OIll] is encountered in the region behind the shock front, while its

1

presence indicates shock velocities of >100 kmsec™" (see theoretical shock models of Raymond

1979). Similar cases of evolved SNRs which show strong oxygen emission are reported in How
et al. (2018), Boumis et al. (2004) and Williams et al. (1997).

The values of the Vi, for Ha 6563 A and [OT] deduced from the SHAPE model are almost
the same and are presented in Table 5.1.

At this point it should be clarified that from a Morphokinematic model of a SNR, we can
extract the expansion velocity of this object, but we can not deduce its shock velocity. This
is because, the latter refers to the velocity of the shock wave that drives the propagation of
the ejecta. On the other hand, what we observe of an object in imaging and specta, is the
ionized gas that is located behind the shock wave. This gas is observable in the optical, due
to its cooling after the heating it underwent when the shock wave passed through it. What
we use for the modeling of the object are these emission lines, not the shock wave. The value
of the shock velocity can be calculated through the flux ratio of specific emission lines (e.g.
[O 1] 5007 A/ HB) deduced from low resolution spectra (Kopsacheili et al. 2020, Allen et al.
2008).

An ISM density discontinuity suggested by Pineault et al. (1987) could also be possible to
explain the VRO properties as extracted by our 3D MK modeling. Within this model the
“wing” had evolved in the low density region of the ISM and thus, it gained its extended size

compared to the “shell”. Currently, one may say that the “shell” and the “wing” have swept
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up about the same mass and as a result they display similar expansion velocities. However, an
extra ISM density gradient toward the NE and SW direction is required in order to explain the
high and low velocity of the upper “shell” and the “hat” respectively, that were deduced from
the 3D MK model.

From the case of VRO, it is obvious that the outcomes of the 3D MK model can be used as
inputs for a HD modelling. This is of crucial usefulness as the probing of an object through two

different kinds of models, can result in a more thorough investigation of it.

5.7 Conclusion

We presented for the first time a 3D Morpho-Kinematic model of a SNR, VRO 42.05.01. The

principal conclusions from this study are:

l. VRO can be represented by three basic distinct components, i.e. a “shell”, a “wing”, and a

“hat”, each one of which presents specific morphological and kinematical characteristics.

2. In Hat 6563 A emission line, the “shell” and the “wing” reveal similar expansion velocities
of Vexp = 1155 km s~ while the “hat” is expanding with Vexp = 90420 km s~!. Finally,
the upper part of the “shell” displays the higher expansion velocity of the SNR equal to
Vexp = 155%15 km s

3. Similar kinematic results were found for the components of VRO, using the [OIll] emission
line. In particular, the upper “shell” (slits 5, 8 and 9) expand at Vexp=190£10 kms™!, the
rest “shell” (slits 2 and 10) is expanded at a velocity of Vexp = 130+10 km s~ while the

expansion velocity of the “hat” component (slit 18) is Vexp = 110420 kms™!.

4. The remnant has an inclination of ~3 - 5 degrees with respect to the plane of the sky

and a systemic velocity of Viys = 1743 kms™!.

5. The northern part of the “wing” component is tilted with respect to its eastern counter-
part, due to a possible interaction with a denser ambient medium in this region of the

SNR.

6. Our results are in line with the wind-bubble interaction model suggested by Chiotellis
et al. (2019). However, a local ISM discontinuity in the vicinity of VRO suggested by

Pineault et al. (1987) cannot be excluded.

160



Chapter 6

6 Future work

-SNR G 132.7 + 1.3 (HB3):

In this work, new observational imaging data (wide-field and high resolution) in Ho.+[N II] 6548,
6584 A, [STI] 6716, 6731 A and [OIIl] emission lines are presented, along with low-dispersion,
long-slit spectra. Through this new study, we aim to contribute to the interpretation of the
physical properties of this SNR. My task is related with the data analysis and imaging process
(P. Boumis, A. Chiotellis, V. Fragkou, S. Akras, S. Derlopa, M. Kopsacheili, E. Harvey, J. Alikakos,
D. Souropanis, I. Leonidaki, MNRAS, 2021, to be submitted).

-HD 185806:

This project deals with the classification of HD 185806, and also focuses on the probe of the
bow-shock structure which accompanies this source. My task is to deduce the echelle spectra
analysis and to reconstruct the 3D Morpho-kinematic model of this bow-shock structure, using
SHAPE code (Z. Spetsieri, P. Boumis, A. Chiotellis, S. Akras, S. Derlopa, MNRAS, 2021, to be
submitted).

-PNe NGC 5189 and NGC 2818:

This project I am working on, in collaboration with Dr. Panos Boumis and Dr. Stavros
Akras at the National Observatory of Athens, concerns the 3D MK models of the PNe NGC
5189 and NGC 2818 (Fig. 6.1). For this, long-slit echelle spectra in the optical from the SMP
catalogue (San Pedro Martir Kinematic catalogue of Galactic PNe) are used, in conjunction with

the high-resolution 3D IFU data (velocity calibrated channel maps) of the nebulae obtained with
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the SAM-FP instrument (SOAR Adaptive Module Fabry-Perot) at the 4.1m SOAR Telescope. The
purpose is to use to already obtained knowledge in 3D modeling, and take it one step further,
creating the most detailed 3D MK model ever created for a PN.

In the second part of the project, low-resolution ESO MUSE [FU (Multi Unit Spectroscopic
Explorer) data cubes of the PNe available in the VLT (Very Large Telescope) archive will be
used for a thorough study of the fundamental physical properties of the PNe, such as electron
temperature and density, which parametrize the physics of their nebular gas and help us to

determine its physical processes.

NGC 5189 NGC 2818

HST image ’ "o : HST image

Figure 6.1: a) The PN NGC 5189. b) The PN NGC 2818.
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Chapter 7

7 Appendix

7.1 Degenerate He core - He flash

As the He core contracts, it becomes very dense, consisting of He nuclei and free electrons.
Electrons, which are fermions, obey the Pauli’s Exclusion Principle which states that two identical
fermions cannot be at the same time in the same quantum state, i.e. have the same spin,
location and momentum!. A highly dense gas consisting of fermionic matter that satisfies the
Pauli’s Exclusion Principle, is called degenerate gas. In this kind of gas, since the electrons have
to share the same space due to the high density, they have to differ in their momentum in order
not to be under exactly the same conditions of space and velocity with each other. This kinetic
energy of electrons provides the pressure in this dense gas, and is called Electron Degeneracy
pressure. This pressure is so strong that can resist to the intense gravitational force of the
shrinking He core, keeping the core in Hydrostatic Equilibrium for a period of time.

While an ideal gas’s pressure depends on temperature (PV =nRT), a degenerate gas’s pressure
is independent of T. “Degenerate” electrons can provide pressure even if the temperature of
the gas is low. Degeneracy pressure can rise if the volume of the core is reduced, forcing the
electrons to move even faster in their attempt not to be at the same positions with each other

in the gas. Therefore, even though the temperature in the He core rises up to its ignition point

IComposite particles such as nuclei, consisting of protons and neutrons which also belong to fermions, can be
bosons or fermions, depending on the number of particles (fermions) they contain. Odd number of fermions in a
nuclei means half-integer spin in the end, so this nuclei is also a fermion. The opposite applies for even number
of fermions. In our case, the He nuclei in the He core contain two protons and two neutrons (even number of

fermions) which means that these nuclei are not fermions, so they don’t obey Pauli’s explosion principle.
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The Triple Alpha Process

(Helium Fusion) (gamma photon)
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Figure 7.1: The triple alpha process for post-main sequence stars. Two helium nuclei “*He (alpha-
particles) fuse to form a 8Be (beryllium) nucleus, releasing a y photon too. 8Be is unstable and normally
decays back into two *He nuclei within a fraction of a second. However, given the high number of “He
nuclei in the core, 8Be may collide with one 8He before it has had a chance to decay. This produces
a ">C nucleus and releases a y photon. The "C nucleus in turn may fuse with another “He nucleus to
produce '°O and again a y photon. ?°Ne may also be formed by oxygen nuclei fusing with helium, but

only negligible amounts are produced.

(T = 10% K) due to its contraction, its pressure does not increases so the He degenerate core
does not expand and, consequently, does not cool down. However, due to the high temperature,
He ignition takes place through the triple-alpha process according to which three “He nuclei

(alpha particles) are transformed into Carbon (“C) (see Fig. 7.1 and description in the caption):

iHe + 3He — $Be+7y (7.1)

8Be+3He — 2C+y (7.2)

As the He core in low-mass stars is degenerate, which means it doesn’t expand, the He
fusion has no space for decompression resulting in an explosion known as Helium Flash (Shu
p- 169, Mestel 1952, Schwarzschild and Harm 1962 -> reference for me). The flash lasts only
for a few seconds but the released energy is proportional to ~ T4, It is not observable since
the photons produced in the explosion are trapped in the hydrogen layers. However, we know
its existence from from astrophysical models. After the Helium flash, the star immediately rolls

down to the Horizontal branch (Fig. 1.4) (Section 1.2.3).

7.2 Relationship between mass and radius in a White Dwarf

It was soon realized that the gas inside a white dwarf was too dense to behave as an ideal

gas and, instead, it was degenerate. For normal stars, if you increase the mass, the star gets
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larger and its radius increases. However, for white dwarfs the opposite is true: by increasing
their mass, the star shrinks (Fig. 7.2) according to the equation R~M 3, the plot of which is
illustrated in Fig. 7.3. Notice that when the mass reaches the value 1.4 M, (Chandrasekhar
limit), then the radius of the star goes to zero. Physically, that means that the star collapses

and eventually it explodes.

Comparitive Size of White Dwarf Stars

Figure 7.2: This image illustrates three White Dwarfs of increasing masses (Ms stands for solar mass).
As we can see, the WDs become smaller as they become heavier, in agreement with the plot of Fig.
7.3. The middle WD has the size of Earth, but it’s by far denser if we consider that the Earths mass is
3x107% M.

Explanation: The size of a star is a balance between pressure and gravity. Gravity pulls
the outer layers of the star inward, while pressure pushes those layers upward. Therefore, as
you add mass to a white dwarf, the increased gravity must be balanced by the degeneracy
pressure, in order for the dwarf not to collapse.

Since degeneracy pressure depends on density, the only way for the former to get increased
is by shrinking the size of the WD. Therefore a WD must shrink in order to increase the density
and thereby the degeneracy pressure through the kinetic energy of the electrons of the gas, in
order to sustain the gravitational forces from an increase in mass.

Notice, however, that the mass-radius relation for white dwarfs denotes that you cannot
keep adding mass to a star forever, for eventually its radius goes to zero (Fig. 7.3). This happens
because, in that case of over-limit mass addition, electrons would have to move faster than the
speed of light in order to create enough degeneracy pressure to halt the gravitational collapse.
But, they cannot move faster than light so the core in this case will collapse.

Following that we can say that stars with C-O core mass greater than 1.4 My “must” shed
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Figure 7.3: Radius vs mass (solar units) for a White Dwarf. As the mass of the star increases, its radius
gets smaller and smaller. When mass equals (or exceeds) 1.4 M, (Chandrasekhar limit), the radius goes

to zero, i.e. the star collapses and explodes.

most of their mass as planetary nebula, if they want their core to survive. If the mass can not
be shed, the stars follow a different evolutionary path becoming either neutron stars or black

holes, after they undergo a Supernova explosion (see Sections 1.3 and 1.5 respectively).

7.3 Supernova explosion - Fe burning

Iron: the end-point of nuclear reactions, the onset of the Supernova explosion:

When the star develops an Fe core, exothermic reactions (fusion or fission) must occur, in
order the released energy in the core to stabilize the gravitational pull of the outer layers. As
we can see in Fig. 7.4, elements lighter than Fe are “glued” together (fusion) to form heavier
elements, as long as the reactants are lighter than Fe. For higher mass numbers, elements
heavier than Fe are split into lighter elements (fission), as long as the reactants are heavier than
Fe too.

However Fe, which is the most stable element, needs to consume energy (endothermic
reaction) in order to change its stable nuclear structure. Since there is no way of this to
happen right now, nuclear reactions stop in the Fe core which is now supported only by the
degenerate pressure of electrons, just as a White Dwarf does.

Meanwhile fusion still occurs in the shells that surround the core and the ashes of their
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Figure 7.4: Elements lighter than Fe release energy through fusion reaction, while elements heavier than
Fe release energy through fission (both reactions are exothermic). Fe is the most stable element which

needs to consume energy (endothermic reaction) in order to change its nuclear structure.

last reaction fall onto the Fe-dwarf core. Consequently, its mass increases, its radius decreases
(for explanation see Fig. 7.3) while its density increases too. However, electron degeneracy
pressure is independent of temperature. Therefore, the compression that the core undergoes
does not lead to its further heating. At this point, the center of the star is already extremely
hot from the previous burning stages. Silicon burning which produced Fe in the core, occurred
at a temperature of 10° K. Photons of this high energy, now restricted in a small region due
to contraction, bombard Fe and split it into He, protons and neutrons through the endothermic
photo-disintegration reaction (Fig. 7.5). By this way, they take away thermal energy from the
core which could be used to balance gravity. Furthermore, the core density becomes so high (~
10° gr cm™3), that protons (released by the photo-disintegration) and free electrons (responsible
for the electron degeneracy pressure) combine together to form neutrons and neutrinos through

the inverse beta decay reaction:

pF+e” —n+v, (7.3)

The consumption of the electrons in this reaction, removes the supporting electron pressure

that was helping in the stability of the core. A third factor of energy loss from the core, is the
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Figure 7.5: The endothermic reaction of photo-disintegration: a high energy photon is absorbed by the
Fe nucleus in the core of the star, forming o particles (“He) and neutrons. These He nuclei in turn are
split into protons and neutrons, also through photo-disintegration. These reactions absorb energy from

the core, and signal the start of the core collapsing of the star.

extreme amount of energy that neutrinos carry away with them while escaping from the star

(without interacting with matter), which is of the order of ~ 1033 erg.

This triple energy loss makes the core to contract further, increasing these reactions which
in turn remove even more energy from the core. In the end, when there is no adequate force
against gravity any more, the inner part of the core collapses rapidly, while its outer part goes
into free fall onto the inner core. At this stage, the core has a radius of a few km, while its
outer part collapses at a speed of ~70.000 kmsec™!, driven by the strong gravitational force
of the super-dense inner core. For comparison, under such conditions the Earth would be

compressed into a sphere of 50 km radius within just one second.

After the neutrinos escape from the core, the only particles left there now are the neutrons.
The density in this neutron core rises during the collapse until the point of neutron degeneracy
is reached, i.e. 10" gr cm™3 (we don’t have electron degeneracy any more, since the electrons
of the core were merged with the protons to form neutrons and neutrinos). At this point,
neutron degeneracy provides the outward pressure needed in order to prevent the further
gravitational collapse of the inner core. The outer collapsing parts of the core run into the
forming degenerate core, fall onto its hard surface causing a “bounce” or rebound. This collision
creates a shock wave which propagates outwards, colliding with all the outer layers of the star
that encounters, heating them at very high temperatures and finally expel them into space at

velocities of ~10.000 kmsec™!. This expanding, blast wave is in practise a massive explosion

which is called Supernova (SN).
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Figure 7.6: Periodic Table showing the currently believed origins of each chemical element. We see
that in the beginning of the Universe, the only available elements were H and He, along with some
trace elements of Li. The rest of them were created during the evolution of the Universe through the

mechanisms of the Supernova explosions in the stars.

This huge amount of released energy during a SN explosion can provide the necessary fuel
which allows the endothermic Fe fusion reaction to create very high mass elements such as
Uranium (remember that Fe has been formed from Si fusion in the shell that surrounds the
star’s core). Thus, the SNe explosion mechanism is a rational explanation for all the elements
with masses larger than Fe found in the universe. Remember that according to the best fit
models about the beginning of the history of the universe, everything starts with two elements
available: Hydrogen and Helium. This means that the rest elements were created over time.
Fig. 7.6 illustrates the Periodic Table of elements, where the chemical elements are coloured

according to their origin mechanism.

7.4 CCD camera

Charge coupled devices, or CCDs, are optical devices, which among other numerous ap-
plications, are also widely used in optical telescope cameras in order to collect the emitted
light of the observed object and convert it into a digital image. They were invented in the late
1960s by Willard Boyle and George E. Smith who, in 2009, received the Nobel Prize in physics
for their work. All the cameras used in the observations of the project, were of CCD type.

The general idea of their function is to collect the photoelectrons emitted from a semi-
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conductor substrate due to photoelectric phenomenon, when this substrate is hit by the photons
of the object.

The basic technical features of a CCD camera are:

-Quantum Efficiency (QE) or spectral response: it is the ratio of the finally detected
photons, over the initial photons falling on the CCD. As an example we present the QE of the
LN2 CCD camera of “Aristarchos” telescope in Fig. 7.7.

Figure 7.7: In this plot, the Quantum Efficiency of the LN2 CCD camera of “Aristarchos” telescope is

presented.

-Linearity: it expresses the relationship between the final output digital signal, i.e. the
produced photoelectrons, to the initial photons incident on the CCD. (Digital signal = Constant
x amount of incident light).

-Noise: these are extra electrons registered from the detector which, however, are not
related to the photoelectrons produced from the photons of the object incident on the CCD.
These unwanted electrons must be removed from the final image. An example of this it is
shown in Fig. 7.8.

Next, we present the operation of a CCD camera in more details, but yet in a simplified
version.

In Fig. 7.9a, a piece of silicon (semi-conductive material) is divided with insulating channel
stops (white horizontal lines in Fig. 7.9b). This Si slab is covered by a very thin layer of silicon
dioxide (faint white area in Fig. 7.9b), while tiny strips of charged aluminium (electrodes) are
laid perpendicular to the channel stops (grey lines in Fig. 7.9c). This Si surface is etched on
by a two-dimensional grid of individual light sensing elements called pixels (red frame in Fig.

7.9d) (pixel stands for “picture elements”- basic light-sensitive unit of the sensor). As we can
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Figure 7.8: On the left of both images (a) and (b), we can see the initial image obtained with the telescope,

while on the right, the same images are illustrated after the “noise” subtraction.

see in the image, each pixel on this sensor is bound on the sides by a channel stop with three
aluminum stops on top, middle and bottom. A typical size of a pixel is ~um, while the thickness

of the silicon substrate is ~50um, about the same as a tissue paper.

The CCD camera is placed at the focal plane of the telescope. When the exposure starts
and the shutter of the camera opens, light (photons) of the observed object fall onto the sensor.
Then due to the photoelectric effect, some of the electrons bounded in the Si atoms absorb
the photon’s energy, escape from their atoms and are moving free in the lattice of the silicon
crystal (Fig. 7.9¢). In the silicon semi-conductive surface, the energy that a bounded, outer-shell
electron needs to absorb in order to “jump” from the valence band to the conduction band

of its atom (Fig. 7.10a), is 1.26 eV2. Photons with that energy correspond to radiation of 4

2[n practise, this is the energy a valence electron must gain in a material in order to reach the conduction band,
and by this way the material to become a conductor of electricity. This band gap is different from the ionization
energy, which is the energy required to remove an electron from the outermost shell/valence shell of an isolated,

gaseous atom to a position at infinity with respect to the atom.
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Figure 7.9: The CCD element function. For description see in the text.

~1000 nm, which contains the optical band 400 — 700 nm detected from the objects. Beyond this

wavelength silicon becomes transparent and CCDs constructed from silicon become insensitive.

Electron’s “detachment” from the Si atoms leaves behind a “hole” (empty space) which acts
like a positively charged carrier. In the absence of an external electric field the “hole” and elec-
tron would quickly re-combine and be lost. Therefore, in a CCD an electric field is introduced
through the electrodes we mentioned above, in order to sweep these charge carriers apart and
prevent recombination. Due to this electric field, electrons migrate to the top of the silicon slab

where they are stored in the pixels (Fig. 7.9e).

The exposure time of the observation must be sufhcient to cause the pixel to fill with elec-
trons, but not to saturate (not to “burned off’). When the exposure ends and the shutter of the
camera closes, the sensor holds the charge (produced photoelectrons) from the exposure in the
pixels (also called potential wells). Next, the collected charges are horizontally transferred from
one pixel to the other (from left to right in Fig. 7.9f), ending to the readout register, positioned
at the edge of the grid. What moves the electrons along one row, is the synchronized volt-

age alternation of each electrode, caused by applying current of alternative polarity. Horizontal
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Figure 7.10: a) The energy gap (1.26 eV) that an electron must cover in a Si semi-conductor, in order
to excited from the valence band to the conduction band. The Fermi level (Ep) is the highest energy
occupied by electron orbital at absolute zero. b) Side view of a pixel’s function in a CCD. For descriprion
seee in the text. c) Four steps of image production in a CCD element: 1) generate photoelectrons-rain
drops, 2) collect electrons-the buckets, 3) transfer the collected charges-the conveyer belts, 4) read the

charges - waiting device at the edge of the element.

charge transfer is paused while charge packages at the output register are transferred vertically
to an output electronic amplifier, and then read one by one. The cycle is repeated for each row
until all the charges of all pixels are transferred and finally read out. The entire chip can be
read in ~10 sec. The image that we see on screen in the end, is the pattern of electric charge

transformed to a digital reconstruction.

Fig. 7.10b shows a pixel’s structure from a side view. We can see the Si substrate, the
produced photoelectrons stored at the pixel, the three electrodes of alternate voltage that force
the electrons to move, and of course the final, horizontal movement of the electrons from pixel
to pixel. Fig. 7.10c¢ illustrates the classical example of “drop rain-buckets”, which presents in a

very representative way the function of a CCD pixel.
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7.5 Echelle spectrometer

Echelle spectroscopy is used for separating polychromatic light collected from faint sources,
like the SNRs, into its constituent monochromatic components, at the highest achieved resolu-
tion. In this section, we present the basic theoretical background necessary for the compre-
hension of the MES-SPM spectrograph, the echelle spectrometer used for obtaining the spectra

for this project.

Reflecive diffraction grating: A reflective diffraction grating is the optical device of the
spectrograph through which the incident beam is finally analysed in its components. It is a
non-uniform surface on which a periodically repeated pattern of grooves (diffraction elements)
has been cut (Fig. 7.11). If this pattern is “serrated”, and the incident beam is reflected onto it,
then it is named “echelle” reflective diffraction grating (echelle means ladder in French). If d is
the length of each groove, then we define the parameter groove frequency or groove density,

or more commonly used “grooves per mm”, as: G = 1/d.

Figure 7.11: Scanning electron microscope of an echelle reflective diffraction grating. On the left, the
length of the groove is d=3um, while on the right d=2.5um. Also labelled is the blazed angle ¢ of the

grating. For description see in the text.

Grating equation: Exploiting the wave property of light (and not its particle property), we
assume a planar wavefront (surface of constant phase) composed by two parallel rays, 1 and 2,
falling on a groove, spacing d apart (Fig. 7.12a). a and B are the incident and the diffraction

angles respectively, with respect to the grating normal. As we can see, different parts of the
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Figure 7.12: a) Geometry of diffraction for planar wavefronts, on an echelle reflective diffraction grating.
For description see in the text. b) Overlapping of spectral orders: the light for wavelengths 100, 200 and
300 nm in the second order m =2 is diffracted in the same direction as the light for wavelengths 200,
400 and 600 nm in the first order m =l. Credits: “Diffraction grating handbook”, Christopher Palmer,

Erwin Loewen.

wavefront strike on the groove at different times. Hence, ray 1 arrives on the groove first,
and ray 2 follows it after covering a distance dsina. Subsequently, ray 1 is the first which is
reflected from the groove and, after it has covered a distance dsinf, ray 2 begins its reflection
from the groove too.

In the case we study, the elementary law of reflection cannot be applied (i.e. the reflection
angle is equal to the angle of incidence). This is only valid when the incident surface is totally
smooth and the surface is much larger than the wavelength of the incident light, which is
not the case here. In our case, Huygens principle can be applied, according to which, each
part of the wavefront that encounters the groove acts as a source of secondary wavefronts
(spherical sources of light) after its reflection. In order for these secondary wavefronts to
present constructive interference (to show maxima of radiation), the path difference of the two

rays must be an integer multiple of their wavelength A:
mA =d (sina +sinf) (7.4)

This relationship is known as the “grating equation”. In this, m is called spectral order or
diffraction order, and quantifies how many A of path difference are introduced between suc-
cessive grooves on the grating. The groove spacing d is a feature of the grating, and the angle

of the incident light o will be the same for all wavelengths. So, the only remaining variables
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are the diffraction angle B and the wavelength A. It is therefore clear that B must depend on
A, which is to say that the grating is a means of sending light of different wavelengths A4 in
difterent directions f3, i.e. producing a spectrum - in our case, the spectrum of the SNR. Fig.
7.13 presents the diffraction of a polychromatic light from a grating and the produced spectrum
on a panel at the laboratory. It is clear that in a diffraction grating the beam is not simply
reflected, but analysed into its components like a fan, towards specific directions. This is the
result of diffraction, i.e. the bending and diftusion of light when it encounters an obstacle. The

obstacle here, is the sharp edge of each groove.

Spectral (diffraction) orders m: For particular values of d, A and a, it is obvious that
grating equation is satisfied by more than one diffraction angle 3. On the other hand, as |sina
+ sinf|<2, only these orders for which |mA/d|<2 exist. For B = -a, m = O (zero order for
specular reflection). By convection, when m > O the diffracted ray lies to the left of the zero

order, while for m < O the diffracted ray lies to the right of the zero order (Fig. 7.12b).

Orders of diffracted light

Incident
angle, o

Grating normal

Figure 7.13: Experimental demonstration of polychromatic light diffracted from a grating. For the

explanation of the spectral orders, see description in the text.

Blazed grating: The fact that the incoming light splits into many spectral orders m (positive
and negative) shows that the spectrum of a single order will contain only a small fraction of
the incoming radiation. As a solution, the diffraction elements of the grating are tilted by a
blazed angle ¢ (Fig. 7.11), so that the direction of normal geometric reflection to coincide with

the chosen order of diffraction. In other words, blazed grating enhances diffraction in one
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Figure 7.14: Overlapping spectra of adjacent spectral orders in a reflective diffraction grating.

direction in order to maximize the collected radiation in a specific order.

Overlapping of spectral orders: Superposition of wavelengths is inherent in the grating
equation, and can be seen through an example in Fig. 7.12b: the light of wavelength A = 600 nm
(red) diftracted in the m = 1 order, will coincide with the light of wavelength /2 = 300nm (UV)
diffracted in the m =2 order. This would lead in doubtful results in the produced spectrum, but
can be prevented by suitable filtering, called order sorting, which blocks out some wavelengths,

or by the use of detectors sensitive at desired wavelengths.

Free spectral range:
It is defined as the largest range of wavelengths in a given spectral order m for which

superposition of light from adjacent orders does not occur:

F=m=? (7.5)
m

In Fig. 7.14, overlapping of adjacent spectral orders is demonstrated as an example, and this

is exactly what we want to avoid in an obtained spectrum.

Resolving power R:
It is a measure of the ability of the grating to distinguish two adjacent spectral lines A1 and

A2, of average wavelength A (see Fig. 7.15):



Figure 7.15: Four 1-D echelle spectra of absorp-

tion lines from the same source are presented,

R=300

obtained with increased resolution R each time.
We see that, the higher the R the more detailed
spectrum of a specific waveband range can be
obtained. For the definition of resolution R, see

in the text.

where AL is the limit of resolution or simply resolution, i.e. the difference in wavelength
between two lines of equal intensity that can be distinguished, m is the spectral order and N
is the total number of grooves illuminated on the surface of the grating. In literature, the terms
resolving power and resolution are sometimes interchanged.

In Fig. 7.16 the function of an echelle spectrometer is demonstrated. We can follow the
line path of the beam from the point of its entrance to the slit, up to the point that is finally

analysed into its components on the detector.
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Figure 7.16: An example of the line path of a beam inside an echelle spectrometer: the beam enters
through the slit, is reflected on the first mirror, is diffracted onto the echelle grating, is reflected for a

second time and in the end every emission line is depicted onto the detector (CCD array.)

179



References

Abellan, F. J., Indebetouw, R., Marcaide, J. M., Gabler, M., Fransson, C., Spyromilio, J., Burrows,
D. N,, Chevalier, R., Cigan, P., Gaensler, B. M., Gomez, H. L., Janka, H. T., Kirshner, R., Larsson,
J., Lundqvist, P, Matsuura, M., McCray, R., Ng, C. Y., Park, S., Roche, P., Staveley-Smith, L.,
van Loon, J. T., Wheeler, J. C., and Woosley, S. E. (2017). Very Deep inside the SN 1987A
Core Ejecta: Molecular Structures Seen in 3D. apjl, 842(2):L24.

Acker, A. and Neiner, C. (2003). Quantitative classification of WR nuclei of planetary nebulae.
A&A, 403:659-673.

Akashi, M., Sabach, E., Yogev, O., and Soker, N. (2015). Forming equatorial rings around dying
stars. MNRAS, 453:2115-2125.

Akashi, M. and Soker, N. (2008). Shaping planetary nebulae by light jets. MNRAS, 391:1063-1074.

Akras, S., Boumis, P., Meaburn, J., Alikakos, J., Lopez, J. A., and Gongalves, D. R. (2015).
Evidence for a [WR] or WEL-type binary nucleus in the bipolar planetary nebula Vy 1-2.
MNRAS, 452:2911-2929.

Akras, S., Clyne, N., Boumis, P, Monteiro, H., Gongalves, D. R., Redman, M. P., and Williams, S.
(2016). Deciphering the bipolar planetary nebula Abell 14 with 3D ionization and morphological
studies. MNRAS, 457:3409-3419.

Akras, S. and Gongalves, D. R. (2016). Low-ionization structures in planetary nebulae - 1.

Physical, kinematic and excitation properties. MNRAS, 455:930-96l.

Akras, S., Gongalves, D. R., and Ramos-Larios, G. (2017). H; in low-ionization structures of

planetary nebulae. MNRAS, 465:1289-1296.

Akras, S. and Lopez, J. A. (2012). Three-dimensional modelling of the collimated bipolar outflows
of compact planetary nebulae with Wolf-Rayet-type central stars. MNRAS, 425:2197-2202.

Akras, S. and Steffen, W. (2012). ’Distance mapping’ and the 3D structure of BD +30° 3639.
mnras, 423:925-933.

Alarie, A., Bilodeau, A., and Drissen, L. (2014). A hyperspectral view of Cassiopeia A. MNRAS,
441(4):2996-3008.

Alfvén, H. and Herlofson, N. (1950). Cosmic Radiation and Radio Stars. Physical Review, 78(5):616-
616.

180



Allen, M. G., Groves, B. A., Dopita, M. A., Sutherland, R. S., and Kewley, L. J. (2008). The
MAPPINGS Il Library of Fast Radiative Shock Models. ApJS, 178(1):20-55.

Araya, M. (2013). Detection of gamma-ray emission in the region of the supernova remnants

G296.5+10.0 and G166.0+4.3. MNRAS, 434(3):2202-2208.

Arias, M., Domek, V., Zhou, P, and Vink, J. (2019a). The environment of supernova remnant

VRO 42.05.01 as probed with IRAM 30m molecular line observations. A&A, 627:A75.

Arias, M., Vink, J., lacobelli, M., Domek, V., Haverkorn, M., Oonk, J. B. R., Polderman, I., Reich,
W., White, G. J., and Zhou, P. (2019b). A low-frequency view of mixed-morphology supernova
remnant VRO 42.05.01, and its neighbourhood. A&A, 622:A6.

Baade, W. (1944). The Resolution of Messier 32, NGC 205, and the Central Region of the
Andromeda Nebula. ApJ, 100:137.

Bailer-Jones, C. A. L., Rybizki, J., Fouesneau, M., Mantelet, G., and Andrae, R. (2018). Estimating
Distance from Parallaxes. IV. Distances to 1.33 Billion Stars in Gaia Data Release 2. AJ, 156:58.

Balick, B. (1987). The evolution of planetary nebulae. I - Structures, ionizations, and morpho-

logical sequences. AJ, 94:671-678.

Balick, B., Alexander, J., Hajian, A. R., Terzian, Y., Perinotto, M., and Patriarchi, P. (1998). FLIERs
and Other Microstructures in Planetary Nebulae. IV. Images of Elliptical PNs from the Hubble
Space Telescope. AJ, 116:360-371.

Balick, B., Rugers, M., Terzian, Y., and Chengalur, J. N. (1993). Fast, low-ionization emission

regions and other microstructures in planetary nebulae. ApJ, 411:778-793.
Bell, A. R. (1978a). The acceleration of cosmic rays in shock fronts - I. MNRAS 182:147-156.

Bell, A. R. (1978b). The acceleration of cosmic rays in shock fronts - Il. MNRAS, 182:443-455.

Biggs, J. D. and Lyne, A. G. (1996). A Search for Radio Pulsars in Globular Clusters, Supernova
Remnants and Transient X-Ray Sources. MNRAS, 282(2):691-698.

Blandford, R. D. and Ostriker, J. P. (1978). Particle acceleration by astrophysical shocks. apjl,
221:1.29-1.32.

Bocchino, F,, Miceli, M., and Troja, E. (2009). On the metal abundances inside mixed-morphology
supernova remnants: the case of IC 443 and G166.0+4.3. A&A, 498(1):139-145.

181



Bofhin, H. M. J., Miszalski, B., Rauch, T., Jones, D., Corradi, R. L. M., Napiwotzki, R., Day-Jones,
A. C., and Koppen, J. (2012). An Interacting Binary System Powers Precessing Outflows of an
Evolved Star. Science, 338:773.

Bolte, J., Sasaki, M., and Breitschwerdt, D. (2015). 3D hydrodynamic simulations of the Galactic
supernova remnant CTB 109. A&A, 582:A47.

Borkowski, K. (1996). A Search for Jets in Planetary Nebulae. HST Proposal.

Boumis, P. (2019). Optical study of the peculiar supernova remnant VRO 42.05.01 (G 166+4.3).
In Supernova Remnants: An Odyssey in Space after Stellar Death II, page 13.

Boumis, P., Akras, S., Leonidaki, L., Chiotellis, A., Kopsacheili, M., Alikakos, J., Nanouris, N., and
Mavromatakis, F. (2016). A deep optical study of the supernova remnant G 166+4.3 (VRO). In
Supernova Remnants: An Odyssey in Space after Stellar Death, page 15.

Boumis, P, Akras, S., Xilouris, E. M., Mavromatakis, F., Kapakos, E., Papamastorakis, J., and
Goudis, C. D. (2006). New planetary nebulae in the Galactic bulge region with | >0°- IL
mnras, 367:1551-1561.

Boumis, P, Alikakos, 1., and Mavromatakis, F. (2012). Deep optical observations and study of
the VRO supernova remnant. In Papadakis, . and Anastasiadis, A., editors, 10th Hellenic

Astronomical Conference, pages 27-27.

Boumis, P, Meaburn, J., Lopez, J. A., Mavromatakis, F., Redman, M. P, Harman, D. J., and
Goudis, C. D. (2004). The kinematics of the bi-lobal supernova remnant G 65.3+5.7. Il.. A&A,
424:583-588.

Boumis, P, Paleologou, E. V., Mavromatakis, F., and Papamastorakis, J. (2003). New planetary
nebulae in the Galactic bulge region with 1 > 0°- L. Discovery method and first results. MNRAS,
339(3):735-747.

Braun, R. and Strom, R. G. (1986). Observations of post-shock neutral hydrogen in four evolved

supernovaremnants. A&AS, 63:345.
Burrows, D. N. and Guo, Z. (1994). ROSAT Observations of VRO 42.05.01. apijl, 421:L19.
Castor, J., McCray, R., and Weaver, R. (1975). Interstellar bubbles. apjl, 200:L107-LI10.

Chiotellis, A., Boumis, P, Derlopa, S., and Steffen, W. (2019). VRO 42.05.01: A supernova remnant

resulted by a supersonic, mass losing progenitor star. arXiv e-prints, page arXiv:1909.08947.

182



Chiotellis, A., Schure, K. M., and Vink, J. (2012). The imprint of a symbiotic binary progenitor
on the properties of Kepler’s supernova remnant. A&A, 537:A139.

Chu, Y.-H., Guerrero, M. A., and Gruendl, R. A. (2000). X-rays from Planetary Nebulae. In
Kastner, J. H., Soker, N., and Rappaport, S., editors, Asymmetrical Planetary Nebulae II: From

Origins to Microstructures, volume 199 of Astronomical Society of the Pacific Conference

Series, page 419.

Cioffi, D. F,, McKee, C. F,, and Bertschinger, E. (1988). Dynamics of Radiative Supernova Remnants.
ApJ, 334:252.

Clyne, N., Akras, S., Steffen, W., Redman, M. P, Gongcalves, D. R., and Harvey, E. (2015a). A
morpho-kinematic and spectroscopic study of the bipolar nebulae: M 2-9, Mz 3, and Hen
2-104. A&A, 582:A60.

Clyne, N., Akras, S., Steffen, W., Redman, M. P, Gongalves, D. R., and Harvey, E. (2015b). A
morpho-kinematic and spectroscopic study of the bipolar nebulae: M 2-9, Mz 3, and Hen
2-104. A&A, 582:A60.

Corradi, R. L. M., Garcia-Rojas, J., Jones, D., and Rodriguez-Gil, P. (2015). Binarity and the
Abundance Discrepancy Problem in Planetary Nebulae. ApJ, 803:99.

Corradi, R. L. M., Manso, R., Mampaso, A., and Schwarz, H. E. (1996). Unveiling low-ionization
microstructures in planetary nebulae. A&A, 313:913-923.

Corradi, R. L. M., Perinotto, M., Villaver, E., Mampaso, A., and Gongalves, D. R. (1999). Jets,
Knots, and Tails in Planetary Nebulae: NGC 3918, KI-2, and Wray 17-1. ApJ, 523:721-733.

Corradi, R. L. M., Sabin, L., Miszalski, B., Rodriguez-Gil, P., Santander-Garcia, M., Jones, D.,
Drew, J. E., Mampaso, A., Barlow, M. J., Rubio-Diez, M. M., Casares, J., Viironen, K., Frew,
D. J., Giammanco, C., Greimel, R.; and Sale, S. E. (2011). The Necklace: equatorial and polar
outflows from the binary central star of the new planetary nebula IPHASX J194359.5+170901.
MNRAS, 410:1349-1359.

Crowley, C. (2006). Red Giant Mass-Loss: Studying Evolved Stellar Winds with FUSE and HST/STIS.
PhD thesis, School of Physics, Trinity College Dublin, Dublin 2, Ireland Ireland.

Danehkar, A. (2014). Evolution of Planetary Nebulae with WR-type Central Stars. PhD thesis,

Macquarie University, Australia.

183



Decin, L., Montarges, M., Richards, A. M. S., Gottlieb, C. A., Homan, W., McDonald, 1., EI Mellah, L.,
Danilovich, T., Wallstrom, S. H. J., Zijlstra, A., Baudry, A., Bolte, J., Cannon, E., De Beck, E.,
De Ceuster, F., de Koter, A., De Ridder, J., Etoka, S., Gobrecht, D., Gray, M., Herpin, F.,, Jeste,
M., Lagadec, E., Kervella, P., Khouri, T., Menten, K., Millar, T. J., Miiller, H. S. P, Plane, J. M. C,,
Sahai, R., Sana, H., Van de Sande, M., Waters, L. B. F. M., Wong, K. T., and Yates, J. (2020).
(Sub)stellar companions shape the winds of evolved stars. Science, 369(6510):1497-1500.

Delaney, T., Rudnick, L., Stage, M. D., Smith, J. D., Isensee, K., Rho, J., Allen, G. E., Gomez,
H., Kozasa, T., Reach, W. T., Davis, J. E., and Houck, J. C. (2010). The Three-dimensional
Structure of Cassiopeia A. ApJ, 725(2):2038-2058.

Derlopa, S., Akras, S., Boumis, P, and Steffen, W. (2019). High-velocity string of knots in the
outburst of the planetary nebula Hb4. MNRAS, 484(3):3746-3754.

Devine, D., Bally, J., Reipurth, B., and Heathcote, S. (1997). Kinematics and Evolution of the
Giant HH34 Complex. AJ, 114:2095.

Dickel, J. R., McGuire, J. P., and Yang, K. S. (1965). Radio Emission from a Supernova Remnant
in Auriga. ApJ, 142:798.

D’Odorico, S. and Sabbadin, F. (1977). A spectroscopic survey of supernova remnant candidates

in the AA6000-6800 A spectral region: The observations. A&AS, 28:439.
Dubner, G. and Giacani, E. (2015). Radio emission from supernova remnants. aapr, 23:3.

Dwarkadas, V. V. (2005). The Evolution of Supernovae in Circumstellar Wind-Blown Bubbles.
L. Introduction and One-Dimensional Calculations. ApJ, 630(2):892-910.

Dwarkadas, V. V. and Rosenberg, D. (2015). X-ray Emission from lonized Wind-Bubbles around
Wolf-Rayet Stars. In Hamann, W.-R., Sander, A., and Todt, H., editors, Wolf-Rayet Stars, pages
329-332.

Esipov, V. F,, Kaplan, S. A., Lozinskaya, T. A., and Podstrigach, T. S. (1972). Spectrophotometric

Investigations of Filamentary Nebulae. sovast, 16:81.

Espey, B. R. and Crowley, C. (2008). Mass-loss from Red Giants. In Evans, A., Bode, M. F,
O’Brien, T. J., and Darnley, M. J., editors, RS Ophiuchi (2006) and the Recurrent Nova

Phenomenon, volume 401 of Astronomical Society of the Pacific Conference Series, page 166.

Fang, X., Zhang, Y., Kwok, S., Hsia, C.-H., Chau, W., Ramos-Larios, G., and Guerrero, M. A. (2018).
Extended Structures of Planetary Nebulae Detected in Hy Emission. ApJ, 859(2):92.

184



Fermi, E. (1949). On the Origin of the Cosmic Radiation. Physical Review, 75(8):1169-1174.

Fesen, R. A., Blair, W. P, and Kirshner, R. P. (1985). Optical emission-line properties of evolved
galactic supernova remnants. ApJ, 292:29-48.

Fesen, R. A., Gull, T. R, and Ketelsen, D. A. (1983). Deep O IIl interference filter imagery of the
supernova remnants G 65.3+5.7, G 126.2+1.6, CTA 1 and VRO 42.05.01. ApJS, 51:337-344.

Filippenko, A. V. (1997). Optical Spectra of Supernovae. araa, 35:309-355.

Franco, J., Tenorio-Tagle, G., Bodenheimer, P., and Rozyczka, M. (1991). Evolution of Supernova
Remnant Inside Preexisting Wind-Driven Cavities. PASP, 103:803.

Frank, A., Chen, Z., Reichardt, T., De Marco, O., Blackman, E., and Nordhaus, J. (2018). Planetary

Nebulae Shaped By Common Envelope Evolution. ArXiv e-prints.

Frew, D. J., Parker, Q. A., and Bojii, I. S. (2016). The Hor surface brightness-radius relation: a
robust statistical distance indicator for planetary nebulae. MNRAS, 455:1459-1488.

Gaia Collaboration (2018). VizieR Online Data Catalog: Gaia DR2 (Gaia Collaboration, 2018).
VizieR Online Data Catalog, 1345.

Garcia-Diaz, M. T., Lopez, J. A., Steffen, W., and Richer, M. G. (2012). A Detailed Morpho-
kinematic Model of the Eskimo, NGC 2392: A Unifying View with the Cat’s Eye and Saturn
Planetary Nebulae. ApJ, 761:172.

Garcia-Rojas, J., Pena, M., Morisset, C., Delgado-Inglada, G., Mesa-Delgado, A., and Ruiz, M. T.
(2013). Analysis of chemical abundances in planetary nebulae with [WC] central stars. IL
Chemical abundances and the abundance discrepancy factor. A&A, 558:A122.

Garcia-Segura, G., Langer, N., Royczka, M., and Franco, J. (1999). Shaping Bipolar and Elliptical
Planetary Nebulae: Effects of Stellar Rotation, Photoionization Heating, and Magnetic Fields.
ApJ, BIT:767-78l.

Garcia-Segura, G., Lopez, J. A., Steften, W., Meaburn, J., and Manchado, A. (2006). The Dy-
namical Evolution of Planetary Nebulae after the Fast Wind. apjl, 646:L61-L64.

Garcia-Segura, G., Ricker, P. M., and Taam, R. E. (2018). Common Envelope Shaping of Planetary
Nebulae. ApJ, 860:19.

Garcia-Segura, G., Villaver, E., Langer, N., Yoon, S.-C., and Manchado, A. (2014). Single Rotating
Stars and the Formation of Bipolar Planetary Nebula. ApJ, 783:74.

185



Garcia-Segura, G., Villaver, E., Manchado, A., Langer, N., and Yoon, S.-C. (2016). Rotating Stars
and the Formation of Bipolar Planetary Nebulae. 1. Tidal Spin-up. ApJ, 823:142.

Gomez, J. F, Niccolini, G., Suérez, O., Miranda, L. F,, Rizzo, J. R, Uscanga, L., Green, J. A., and de
Gregorio-Monsalvo, 1. (2018). ALMA imaging of the nascent planetary nebula IRAS 15103-5754.
MNRAS, 480:4991-50009.

Gomez-Gordillo, S., Akras, S., Gongalves, D. R., and Steffen, W. (2020). Distance mapping
applied to four well-known planetary nebulae and a nova shell. MNRAS, 492(3):4097-4l11.

Gongalves, D. R., Corradi, R. L. M., and Mampaso, A. (200l1). Low-lonization Structures in
Planetary Nebulae: Confronting Models with Observations. ApJ, 547:302-310.

Gorny, S. K., Stasiska, G., Escudero, A. V., and Costa, R. D. D. (2004). The populations of
planetary nebulae in the direction of the Galactic bulge. Chemical abundances and Wolf-Rayet
central stars. A&A, 427:231-244.

Green, D. A. (2019). A revised catalogue of 294 Galactic supernova remnants. Journal of

Astrophysics and Astronomy, 40(4):36.

Guerrero, M. A. and Miranda, L. F. (2012). NGC 6778: a disrupted planetary nebula around a
binary central star. A&A, 539:A47.

Guo, Z. and Burrows, D. N. (1997). ASCA Observations of the Supernova Remnant VRO 42.05.01.
apjl, 480(1):L51-L54.

Hajian, A. R., Balick, B., Terzian, Y., and Perinotto, M. (1997). FLIERs and Other Microstructures
in Planetary Nebulae. Ill. ApJ, 487:304-313.

Harman, D. J., Bryce, M., Lépez, J. A., Meaburn, J., and Holloway, A. J. (2004). J320 (PN
G190.3-17.7) as a poly-polar planetary nebula surrounded by point-symmetric knots. MNRAS,
348:1047-1054.

Hartigan, P., Raymond, J., and Hartmann, L. (1987). Radiative Bow Shock Models of Herbig-Haro
Objects. ApJ, 316:323.

Heger, A., Fryer, C. L., Woosley, S. E., Langer, N., and Hartmann, D. H. (2003). How Massive
Single Stars End Their Life. ApJ, 591(1):288-300.

Hester, J. J. (2008). The Crab Nebula : an astrophysical chimera. araa, 46:127-155.

186



Héfner, S. and Olofsson, H. (2018). Mass loss of stars on the asymptotic giant branch. Mechanisms,

models and measurements. aapr, 26(1):1.

How, T. G,, Fesen, R. A., Neustadt, J. M. M., Black, C. S, and Outters, N. (2018). Optical emission

associated with the Galactic supernova remnant GI79.0+2.6. MNRAS, 478(2):1987-1993.

Huarte-Espinosa, M., Carroll-Nellenback, J., Nordhaus, J., Frank, A., and Blackman, E. G. (2013).

The formation and evolution of wind-capture discs in binary systems. MNRAS, 433:295-306.

Icke, V. (1988). Blowing bubbles. A&A, 202:177-188.

Jones, D., Boffin, H. M. J., Miszalski, B., Wesson, R., Corradi, R. L. M., and Tyndall, A. A. (2014).

The post-common-envelope, binary central star of the planetary nebula Hen 2-11. A&A,

562:A809.
Kiepenheuer, K. O. (1950). Cosmic Rays as the Source of General Galactic Radio Emission

Physical Review, 79(4):738-739.
Kopsacheili, M., Zezas, A., and Leonidaki, 1. (2020). A diagnostic tool for the identification of

supernova remnants. MNRAS, 491(1):889-902.

Kwok, S. (1975). Radiation pressure on grains as a mechanism for mass loss in red giants. ApJ,

198:583-591.
Kwok, S. (2010). Morphological Structures of Planetary Nebulae. pasa, 27(2):174-179.

Kwok, S., Purton, C. R, and Fitzgerald, P. M. (1978). On the origin of planetary nebulae. apjl,

219:L125-1L127.
Landecker, T. L., Pineault, S., Routledge, D., and Vaneldik, J. F. (1982). VRO 42.05.01 - One

supernova remnant or two. apjl, 261:L41-L45.

Landecker, T. L., Pineault, S., Routledge, D., and Vaneldik, J. F. (1989). The interaction of the

supernova remnant VRO 42.05.01 with its HI environment. MNRAS, 237:277-297.

Livio, M. and Soker, N. (1988). The common envelope phase in the evolution of binary stars

ApJ, 329:764-779.
Lopez, J. A., Meaburn, J., and Palmer, J. W. (1993). Kinematical Evidence for a Rotating, Episodic

Jet in the Planetary Nebula Fleming 1. apjl, 415:L135.
Lopez, J. A., Steffen, W., and Meaburn, J. (1997). Bipolar, Collimated Outbursts in the Planetary

Nebula Hb 4. ApJ, 485:697-702.
187



Lopez, J. A., Vazquez, R., and Rodriguez, L. F. (1995). The Discovery of a Bipolar, Rotating,
Episodic Jet (BRET) in the Planetary Nebula KjPn 8. apijl, 455:L63.

Lorimer, D. R., Lyne, A. G., and Camilo, F. (1998). A search for pulsars in supernova remnants.

A&A, 331:1002-1010.

Lozinskaia, T. A. (1979). The supernova remnants IC 443 and VRO 42.05.01: fast filaments and
high-velocity gas. Australian Journal of Physics, 32:113-121.

Manchado, A., Stanghellini, L., Villaver, E., Garcia-Segura, G., Shaw, R. A., and Garcia-Hernandez,
D. A. (2015). High-resolution Imaging of NGC 2346 with GSAOI/GeMS: Disentangling the
Planetary Nebula Molecular Structure to Understand Its Origin and Evolution. ApJ, 808:115.

Matheson, H. and Safi-Harb, S. (2010). The Plerionic Supernova Remnant G21.5-0.9 Powered by
PSR J1833-1034: New Spectroscopic and Imaging Results Revealed with the Chandra X-ray
Observatory. ApJ, 724(1):572-587.

Mathewson, D. S. and Clarke, J. N. (1973). Supernova remnants in the Large Magellanic Cloud.
ApJ, 180:725-738.

Matsumura, H., Uchida, H., Tanaka, T., Tsuru, T. G., Nobukawa, M., Nobukawa, K. K., and Itou, M.
(2017). Localized recombining plasma in G166.0+4.3: A supernova remnant with an unusual

morphology. pasj, 69(2):30.

Mauron, N. and Josselin, E. (2011). The mass-loss rates of red supergiants and the de Jager
prescription. A&A, 526:A156.

Mayer, C. H., McCullough, T. P, and Sloanaker, R. M. (1957). Evidence for Polarized Radio Radiation
from the Crab Nebula. ApJ, 126:468.

McKee, C. F. (1974). X-Ray Emission from an Inward-Propagating Shock in Young Supernova
Remnants. ApJ, 188:335-340.

McKee, C. F. (1988). Supernova Remnant Shocks in an Inhomogeneous Interstellar Medium. In

Roger, R. S. and Landecker, T. L., editors, IAU Colloqg. 10l: Supernova Remnants and the

Interstellar Medium, page 205.

McKee, C. F. and Ostriker, J. P. (1977). A theory of the interstellar medium: three components

regulated by supernova explosions in an inhomogeneous substrate. ApJ, 218:148-169.

188



Meaburn, J., Lopez, J. A., Gutiérrez, L., Quirdz, F., Murillo, J. M., Valdéz, J., and Pedrayez, M.
(2003). The Manchester Echelle Spectrometer at the San Pedro Martir Observatory (MES-
SPM). rmxaa, 39:185-195.

Milisavljevic, D. and Fesen, R. A. (2013). A Detailed Kinematic Map of Cassiopeia A’s Optical Main
Shell and Outer High-velocity Ejecta. ApJ, 772(2):134.

Miszalski, B., Acker, A., Parker, Q. A., and Moftat, A. F. J. (2009). Binary planetary nebulae nuclei
towards the Galactic bulge. Il. A penchant for bipolarity and low-ionisation structures. A&A,

505:249-263.

Miszalski, B., Corradi, R. L. M., Boffin, H. M. J., Jones, D., Sabin, L., Santander-Garcia, M.,
Rodriguez-Gil, P, and Rubio-Diez, M. M. (2011). ETHOS 1: a high-latitude planetary nebula
with jets forged by a post-common-envelope binary central star. MNRAS, 413:1264-1274.

Oort, J. H. (195]). Interaction of Nova and Supernova Shells With the Interstellar Medium. In

Problems of Cosmical Aerodynamics, page 118.

Orlando, S., Ono, M., Nagataki, S., Miceli, M., Umeda, H., Ferrand, G., Bocchino, F., Petruk,
O., Peres, G., Takahashi, K., and Yoshida, T. (2019). Hydrodynamic simulations un-

ravel the progenitor-supernova-remnant connection in SN 1987A. arXiv e-prints, page

arXiv:1912.03070.

Orosz, G., Gomez, J. F., Imai, H., Tafoya, D., Torrelles, J. M., Burns, R. A., Frau, P., Guerrero, M. A.,
Miranda, L. F,, Perez-Torres, M. A., Ramos-Larios, G., Rizzo, J. R., Suarez, O., and Uscanga, L.
(2018). Rapidly-evolving episodic outflow in IRAS 18113-2503: clues to the ejection mechanism

of the fastest water fountain. ArXiv e-prints.

Osterbrock, D. E. and Ferland, G. J. (2006). Astrophysics of gaseous nebulae and active galactic nuclei.

Paczyski, B. (1971). Evolution of Single Stars. VI. Model Nuclei of Planetary Nebulae. actaa, 21:417.

Palmer, J. W., Lopez, J. A., Meaburn, J., and Lloyd, H. M. (1996). The kinematics and morphology
of the planetary nebula Fleming 1. Bullets, jets and an expanding ring. A&A, 307:225.

Parker, R. A. R., Gull, T. R,, and Kirshner, R. P. (1979). An emission-line survey of the Milky Way,

volume 434.

Pena, M., Ruiz-Escobedo, F., Rechy-Garcia, J. S., and Garcia-Rojas, J. (2017). The kinematic
behaviour of optical recombination lines and collisionally excited lines in Galactic planetary

nebulae*f. mnras, 472:1182-1194.

189



Perea-Calderoén, J. V., Garcia-Hernandez, D. A., Garcia-Lario, P, Szczerba, R., and Bobrowsky,

M. (2009). The mixed chemistry phenomenon in Galactic Bulge PNe. A&A, 495:L5-L8.

Perinotto, M. (2000). Gas Dynamics in Planetary Nebulae: From Macro-structures to FLIERs.
apss, 274:205-219.

Pineault, S., Landecker, T. L., and Routledge, D. (1987). VRO 42.05.0l: A Supernova Remnant
Reenergizing an Interstellar Cavity. ApJ, 315:580.

Pineault, S., Pritchet, C. J., Landecker, T. L., Routledge, D., and Vaneldik, J. F. (1985). Optical
and radio imaging of the supernova remnant VRO 42.05.01 (G 166.0+4.3). A&A, 151:52-60.

Potter, T. M., Staveley-Smith, L., Reville, B., Ng, C. Y., Bicknell, G. V., Sutherland, R. S., and
Wagner, A. Y. (2014). Multi-dimensional Simulations of the Expanding Supernova Remnant of
SN 1987A. ApJ, 794(2):174.

Pradhan, P, Bozzo, E., Paul, B., Manousakis, A., and Ferrigno, C. (2019). Probing Clumpy Wind
Accretion in IGR J18027-2016 with XMM-Newton. ApJ, 883(2):116.

Rabaca, C. R., Cuisinier, F., Lorenz-Martins, S., Epitacio Pereira, D. N., Gongalves, D. R., and
Lastennet, E. (2003). New Insight on Hubble 4. In Kwok, S., Dopita, M., and Sutherland, R.,

editors, Planetary Nebulae: Their Evolution and Role in the Universe, volume 209 of IAU

Symposium, page 491.

Raga, A. C., Riera, A., Mellema, G., Esquivel, A., and Velazquez, P. F. (2008). Line ratios from
shocked cloudlets in planetary nebulae. A&A, 489:1141-1150.

Raymond, J. C. (1979). Shock waves in the interstellar medium. ApJS, 39:1-27.

Reynolds, S. P. (2017). Dynamical Evolution and Radiative Processes of Supernova Remnants,

page 198l
Rho, J. and Petre, R. (1998). Mixed-Morphology Supernova Remnants. apjl, 503(2):L167-LI70.

Riera, A., Garcia-Lario, P, Manchado, A., Bobrowsky, M., and Estalella, R. (2002). New Observa-
tions of the High-Velocity Outflows of the Proto-Planetary Nebula Hen 3-1475. In Henney, W. J.,

Steffen, W., Binette, L., and Raga, A., editors, Revista Mexicana de Astronomia y Astrofisica

Conference Series, volume 13 of Revista Mexicana de Astronomia y Astrofisica Conference

Series, pages 127-132.

Robinson, G. J., Reay, N. K., and Atherton, P. D. (1982). Measurements of expansion velocities in
planetary nebulae. MNRAS 199:649-657.

190



Ruiz, N., Chu, Y. H., Gruendl, R. A., Guerrero, M. A., Jacob, R., Schonberner, D., and Steffen, M.
(2013). Detection of Diffuse X-Ray Emission from Planetary Nebulae with Nebular O VI. ApJ,
767(1):35.

Safi-Harb, S. (2012). Plerionic supernova remnants. In Aharonian, F. A., Hofmann, W., and

Rieger, F. M., editors, American Institute of Physics Conference Series, volume 1505 of American

Institute of Physics Conference Series, pages 13-20.

Sahai, R., Morris, M. R., and Villar, G. G. (201l). Young Planetary Nebulae: Hubble Space Telescope
Imaging and a New Morphological Classification System. AJ, 141:134.

Schwarz, H. E., Corradi, R. L. M., and Melnick, J. (1992). A catalogue of narrow band images of
planetary nebulae. A&AS, 96:23-113.

Sedov, L. L. (1959). Similarity and Dimensional Methods in Mechanics.

Sharpless, S. (1959). A Catalogue of H Il Regions. ApJS, 4:257.

Shklovsky, I. S. (1956). The nature of planetary nebulae and their nuclei. azh, 33:315-329.

Soker, N. and Livio, M. (1994). Disks and jets in planetary nebulae. ApJ, 421:219-224.

Soker, N. and Rappaport, S. (2000). The Formation of Very Narrow Waist Bipolar Planetary
Nebulae. ApJ, 538:241-259.

Steffen, W. and Koning, N. (2017). Hybrid polygon and hydrodynamic nebula modeling with

multi-waveband radiation transfer in astrophysics. Astronomy and Computing, 20:87-96.

Steften, W., Koning, N., Wenger, S., Morisset, C., and Magnor, M. (201l). Shape: A 3D Modeling
Tool for Astrophysics. IEEE Transactions on Visualization and Computer Graphics, Volume 17,

Issue 4, p.454-465, 17:454-465.

Steften, W. and Lopez, J. A. (2006). Morpho-Kinematic Modeling of Gaseous Nebulae with
SHAPE. rmxaa, 42:99-105.

Taylor, G. (1950). The Formation of a Blast Wave by a Very Intense Explosion. I. Theoretical
Discussion. Proceedings of the Royal Society of London Series A, 201(1065):159-174.

Tocknell, J., De Marco, O., and Wardle, M. (2014). Constraints on common envelope magnetic

fields from observations of jets in planetary nebulae. MNRAS, 439:2014-2024.

Toledo-Roy, J. C., Velazquez, P. F.) Esquivel, A., and Giacani, E. (2014). A blowout numerical
model for the supernova remnant G352.7-0.1. MNRAS, 437(1):898-905.

191



van den Bergh, S. (1960). An Optical Search for Possible Supernova Remnants. zap, 51:15.

van den Bergh, S., Marscher, A. P., and Terzian, Y. (1973). An Optical Atlas of Galactic Supernova
Remnants. ApJS, 26:19.

van Loon, J. T, Cioni, M. R. L., Zijlstra, A. A., and Loup, C. (2005). An empirical formula for
the mass-loss rates of dust-enshrouded red supergiants and oxygen-rich Asymptotic Giant

Branch stars. A&A, 438(1):273-289.

Vaytet, N. M. H., Rushton, A. P, Lloyd, M., Lépez, J. A., Meaburn, J., O'Brien, T. J., Mitchell, D. L.,
and Pollacco, D. (2009). High-speed knots in the hourglass-shaped planetary nebula Hubble
12. MNRAS, 398:385-393.

Vink, J. (2004). A Review of X-ray Observations of Supernova Remnants. Nuclear Physics B

Proceedings Supplements, 132:21-30.

Vink, J. (2012). Supernova remnants: the X-ray perspective. aapr, 20:49.

Vink, J. (2017). X-Ray Emission Properties of Supernova Remnants, page 2063.

Weaver, R., McCray, R., Castor, J., Shapiro, P, and Moore, R. (1977). Interstellar bubbles. II.
Structure and evolution. ApJ, 218:377-395.

Weidmann, W. A., Schmidt, E. O., Vena Valdarenas, R. R., Ahumada, J. A., Volpe, M. G., and
Mudrik, A. (2016). Atlas of monochromatic images of planetary nebulae. A&A, 592:A103.

Williams, B. J., Coyle, N. M., Yamaguchi, H., Depasquale, J., Seitenzahl, I. R., Hewitt, J. W.,
Blondin, J. M., Borkowski, K. J., Ghavamian, P, Petre, R., and Reynolds, S. P. (2017). The
Three-dimensional Expansion of the Ejecta from Tycho's Supernova Remnant. ApJ, 842(1):28.

Williams, B. J. and Temim, T. (2017). Infrared Emission from Supernova Remnants: Formation and Destruct

page 2105.

Williams, R. M., Chu, Y.-H., Dickel, J. R., Beyer, R., Petre, R., Smith, R. C., and Milne, D. K. (1997).
Supernova Remnants in the Magellanic Clouds. I. The Colliding Remnants DEM L316. ApJ,
480(2):618-632.

Woltjer, L. (1972). Supernova Remnants. araa, 10:129.

Woosley, S. E., Pinto, P. A, Martin, P. G, and Weaver, T. A. (1987). Supernova 1987A in the Large
Magellanic Cloud: The Explosion of a approximately 20 My,, Star Which Has Experienced
Mass Loss? ApJ, 318:664.

192



