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AbstratThe stellar interiors of low mass stars are onsidered to be one of the mostimportant fatories in galaxies that are responsible for the formation of moreheavy atoms like, e.g., arbon. During the AGB phase nuleosynthesised speiesget transported to the surfae of the star where they will be expelled into theinterstellar medium through extensive mass loss from the star. In addition, theCSEs around AGB stars an themselfs have a rih and omplex hemistry. Thevarious hemial proesses ourring in AGB stars are therefore very importantto understand as they relate to the hemial evolution of galaxies. 17 AGB starshave been studied in this diploma thesis projet with the help of multi-transitionSiS line observations in the radio regime. An extensive and detailed radiativetransfer modelling has been performed in order to estimate reliable abundanesand look for possible trends with stellar parameters suh as the photospheriC/O ratio and mass loss rate. The results learly show that the SiS abundaneis sensitive to the C/O-ratio in the photosphere and that the prodution of SiSis favoured in arbon stars relative to M-type AGB stars. Also a orrelationbetween the mass loss rate and the frational SiS abundane have been foundfor the arbon stars, orroborating earlier researh on the related moleule SiO.This indiates that SiS moleules are e�etively areted onto dust grains athigher mass loss rates. The results opens for the possibility that CSEs inludeproesses that an protet newly formed moleules from eventual interstellarphotodissoiation. This also means that some of the moleules possibly anbe redistributed bak into the interstellar medium were they will be able toontribute to the enrihment and evolution of more omplex moleules in starand planet forming regions.
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Chapter 1IntrodutionSome of the most important questions in astrohemistry is how and where om-plex moleules form in spae, and how they are returned bak to the interstellarmedium (ISM). The aim of this diploma thesis projet is to provide additionalinformation that will help answering these questions. Cirumstellar envelopes(CSEs) around AGB (asymptoti giant branh)-stars have been proven to pro-vide a good environment for the formations of a wide variety of moleules. Todate 63 di�erent moleular speies have been deteted in CSE around AGBstars inluding more omplex organi speies suh as eg., H2CO. Some of thesemoleules are unique to the irumstellar medium and have yet not been de-teted in the ISM. AGB stars will with their strong winds be able to redis-tribute these moleules bak into the ISM. Of interest is therefore to know ifthese moleules produed in the CSEs an survive and be injeted into the in-terstellar medium. One possibility is for the moleules to be inorporated intothe growing dust grains that are formed in the CSEs.In this projet the formation of SiS moleules, in the two di�erent types ofhemial environments (M-type stars and arbon stars), will be studied. Thestudy of irumstellar moleules will help onstrain hemial models and inreasethe knowledge about how more omplex moleules form in the photospheresand CSEs of AGB stars. Another important aspet of this diploma thesis is toinvestigate how the SiS abundane varies with stellar parameters suh as theC/O-ratio and mass loss rate.Similar studies have been performed for the SiO moleule by Gonzales Del-gado et al. (2003) and Shöier et al. (2006), where the SiO abundane wasstudied in a sample of both M-type stars and arbon stars. It was disoveredthat the SiO abundane dereased when the mass loss rate inreased whih isinterpreted as a strong indiation that the SiO moleules are ondensed ontodust grains, (see Fig. 1.1). This e�et ould be seen in both types of stars,further supporting suh an interpretation. These results are very interestingand indiate that dust plays an important role in the irumstellar hemistryof AGB stars, something that is usually negleted in hemial models. Anotherimportant onlusion from these artiles is that there appears to be no signif-iant di�erene between the SiO abundane in M-type stars and arbon stars,whih do not agree with equilibrium hemial models, indiating a signi�antimportane of non-equilibrium proesses (this an also be seen in �g.1.1). Theresults in this diploma thesis will be ompared with the results from the SiO1



observations to see how these two moleules, with rather similar physial andhemial onditions, di�er in their formation in CSE around AGB stars andpossible redistribution bak to the interstellar medium.

Figure 1.1: The SiO frational abundane as a funtion of a densitymeasure (Ṁ/ve). The red squares are standing for M-type stars andthe blue dots for arbon stars. The red and blue solid lines representsthe onstant abundane of SiS in respetively M-type stars and arbonstars aording to hemial models. The dashed line is the expetedfrational abundane of SiO for a model with absorption of SiO ontodust grains inluded in it (adopted from Shöier et al. (2006)).

2



Chapter 2Theoretial bakground2.1 AGB stars1Up to 90% of all the stars in a galaxy are of low mass and will eventuallyevolve into AGB stars before they end their lives as planetary nebulae (PN).These stars will have an impat on the evolution of galaxies whih make themvery interesting objets to study. The evolution from a new born star to aplanetary nebula and white dwarf is today rather well de�ned. However anAGB star's physial proesses like hemistry, struture and kinematis is stillnot so well understood. More observations are therefore needed in order toinrease our knowledge more about these stellar objets.An AGB star is a red giant star on the asymptoti giant branh (AGB). Itis very luminous (∼6000 L⊙), has a strong stellar wind (∼10-20 km/s) whihleads to a high mass loss rate (∼10−8-10−5 M⊙ yr−1. These stars have ane�etive temperature of around 2500 K and a very large radius of about ∼ 2AU (∼3.0.1013 m). They are pulsating objets with well de�ned periods ofabout 50-500 days.In this projet two types of AGB-stars are studied, M-type AGB stars andarbon stars. The M-type AGB stars will throughout this diploma thesis reportbe alled just M-type stars. The major di�erene between these two types is thatthe C/O ratio in their photosphere is larger than unity in arbon stars and lowerthan unity in M-type stars. The di�erene in the C/O ratio in the photosphereis leading to di�erenes in the formation of moleules so that ertain types ofmoleules are favoured in one or the other of the two star types.2.1.1 The evolution from new born star via AGB star towhite dwarfInterstellar louds that are massive enough will eventually ontrat and form astar. When the stellar ore is warm enough nulear reations will start, wherehydrogen will form helium through fusion. The star will then move to the mainsequene (MS) where it will spend most of its life. The Sun is now on the MS1Information is taken from: the thesis Winds from red giant stars, F. Shöier, 2000; Stellarstruture and evolution, J. Christensen-Dalsgaard, 2003; Asymptoti giants branh stars, H.Olofsson and H. Habing, 2003. 3



and has been there for about 4.5 Gyr and will ontinue to be so during the next6.4 Gyr.Compared to their later evolutionary stages the MS is the most stable episodein their lives. They will ontinue being at the MS until they have burned all theirhydrogen in their ore. When the hydrogen burning eases in the ore it willstart to ontrat, even though hydrogen burning ontinues in a shell around thestellar ore. This leads to an expansion of the outer layers whih will inreaseboth the luminosity and the radius of the star. The stellar surfae temperaturewill however derease, whih will make it appear red. As a onsequene of thesee�ets these stars are now alled red giant stars. The Sun will aording tomodels (Sakmann et al. 1993) have a radius about the size of Venus' orbit anda luminosity of around 2350 L⊙ when it is in its red giant phase.

Figure 2.1: An illustration of the inner struture of an AGB star,(http://www.ooubed.om/images/agb/).The ore will ontinue to ontrat until helium starts to burn. The heliumburning phase will start by a run away proess if the stellar mass is below 1
M⊙, beause of its eletron degenerated ore. This is a onsequene that anbe explained by the ores inability to expand when the temperature of theore rapidly inreases during the ignition of helium. The run away results ina helium �ash that will remove the degeneray in the ore and make the starexpand again. Stars with higher masses do not have degenerated ores so theirouter layers will just expand when hydrogen burning begins. An illustration ofthe morphology of an AGB star is shown in Fig. 2.1.The star is said to move to the horizontal branh (HB) when the heliumburning has started, see Fig. 2.2. This period is also rather stable even thoughit do not last long. For the Sun will the HB phase be about 0.1 Gyr long, about1 % of its total life time. The ore will start to ollapse when all the heliumhas been onsumed whih will one again lead to an expansion of the outerlayers of the star and it will again transform into a red giant star. The heliumwill ontinue to burn in a shell between the ore and hydrogen burning shell.The star has now entered the AGB and is therefore alled an AGB star. The4



Figure 2.2: The evolution of a low mass star plotted inthe "Color-Magnitude" diagram, (http://www-astronomy.mps.ohio-state.edu/ pogge/Ast162/Unit2/Images/hragb.gif).ombination of a hydrogen and helium burning shell with a C/O ore leads toa very unstable environment. The instabilities results in a pulsating star withhigh mass loss rates and dredge ups, where oxygen and arbon is transportedto the surfae of the star. The star will remain on the AGB until it has lostnearly all material by its strong stellar wind until just the hot stellar ore of thestar will be left. The rapid inrease of temperature and radiation when all thematter has left the ore will ionize the surrounding CSE so that a PN will form(see Fig. 2.3). In the middle of the PN a white dwarf an be found, whih isjust the stellar ore that is beginning to lower its temperature by radiating awayheat. A summary of the evolution of a low mass star an be seen in Fig. 2.2.

Figure 2.3: The Cat's Eye Planetary Nebula (NGC 6543),(http://ourses.nnu.edu/ph106wj/images/Ng6543.jpg).
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2.1.2 Cirumstellar envelopes and dust grain formationThe pulsations of AGB stars indue shokwaves in their atmospheres and CSEs.These shokwaves will bene�t the formation of dust grains that have the abil-ity to absorb higher frequeny photons and remit them at longer wavelengths.The dust grains will during this proess gain some of the absorbed photonsmomentum so that they will start to aelerate outwards. The dust grains areoupled to the gas through ollisions whih leads to an outward motion for thegas as well. This results in a high mass loss from the star that will distributethe gas and dust grains out from the star, forming a CSE around the star thateventually will merge into the interstellar medium. This proess is illustratedin Fig. 2.4.

Figure 2.4: The dust formation in CSE around AGB stars,(http://www.strw.leidenuniv.nl/�woitke/).The shoks in the ool atmospheres of AGB stars are reating an advanta-geous environment for formation of various amount of moleular speies. Theratios between the di�erent kinds of moleules are sensitive of the C/O-ratio.The best way today to learn about the photospheri hemistry in high massloss rate AGB stars through observations is to observe the radiation from CSEaround the AGB star and extrapolate the results bakwards. The reason forthis is that the emission from the atmosphere in most ases an not be diretlyobserved, beause of thikness of the gas and dust around the star.2.2 Radiation transport2It is very important to understand the theory of radiative transport to learnmore about how to interpretate spetral line observations in order to extratloal physial and hemial properties of the gas. In this setion some of thebasi equations in radiative transport will be reviewed. Conepts like LTE (loalthermodynami equilibrium), brightness temperature, exitation temperatureand statistial equilibrium will also be explained.2The equations in this setion is taken from Interpreting astronomial spetra, D.Emerson,1997 and from the thesis: Winds from red giant stars, F.L. Shöier, 2000.6



2.2.1 The radiative transfer equation, brightness and ex-itation temperatureThe energy �ow, per unit area, per unit time, per solid angle from a soureis desribed by the intensity (I). The intensity is distane independent andwould therefore be the same value wherever it is measured if there would notbe any material in between that ould a�et the intensity. In reality there isalways something that will a�et the intensity by absorption or emission of theradiation. This interation between the radiation and the material makes itpossible to determine loal properties of the material suh as density, veloities,temperatures, dust omposition, moleular abundanes et.The emission oe�ient jν and absorption oe�ient αν are used to desribethe hange in the intensity,
dIν = −Iνανdx + jνdx (2.1)where −Iνανdx is how muh of the intensity that will be absorbed and

jν is how muh intensity that will be ontributing to the total intensity aftera physial step dx through the medium . A usual way to express the sameequation is:
dIν

dτν
= Iν − Sν (2.2)where dτν=ανdx is the optial depth and Sν=jν/αν is the soure funtion.Notie also that the signs have been hanged so that the intensity I is posi-tive outwards to the observer and so that dτν and dx is starting at zero losestto the observer. Equation 2.2 is the basi equation of radiative transfer. Thisequation an be solved and written in its integrated form equation 2.5 throughthe following steps:

d

dτ
(Ie−τ ) = Se−τ (2.3)

I(τ0)e
−τ0 − I(τb)e

−τb =

∫ τb

τ0

S(τ)e−τdτ (2.4)
I(τ0) = I(τb)e

−(τb−τ0) +

∫ τb

τ0

S(τ)e−(τ−τ0)dτ (2.5)where I(τ0) is the intensity that is leaving the medium and measured by theobserver and I(τb) is the intensity that is entering the medium.It is unfortunately not as easy to estimate the intensities as is looks. Thereason for the omplexity is that the optial depth τ is dependent on the ab-sorption oe�ient α, whih depends on the exitation of the moleule that isdependent on Iν and so on. This means that iterations are generally needed tosolve the above equations. As we shall see in setion 2.2.2 the loal mean inten-sity J̄ is an important quantity in the models to alulate the level populations
ni. The mean intensity J̄ is alulated by equation,

J̄ν =
1

4π

∫

IνdΩ (2.6)7



where dΩ is the hange in the solid angle Ω.The intensity for a blakbody is desribed by Plank's law:
Iν =

2hν3

c2

1

ehν/kT − 1
(2.7)where, c is the speed of light, h the Plank's onstant, ν the frequeny, k theBoltzmann onstant and T the temperature.In radio and mm observations is it ustomary to give the intensity in brightnesstemperature, ie., the temperature that the soure is needed to have to give theradiation that represents the blakbody temperature. The brightness tempera-ture Tb is derived from Plank's law where the Rayleigh-Jeans approximation isused.Rayleigh-Jeans approximation (appliable when hν/kT ≪1):

Iν =
2hν3

c2

1

ehν/kT − 1
≈

2ν2kT

c2
(2.8)where the Taylor expansion:

ex = 1 + x + ... (2.9)an be used when x ≪1.This will give the brightness temperature:
Tb =

Iνc2

2kν2
(2.10)whih an be used irrespetive if the soure is a blakbody or not; it is justa way of expressing the intensity. In a similar way the soure funtion Sν anbe expressed by the exitation temperature Tex, the temperature a blakbodywould need to have to give the atual soure funtion. In the Rayleigh-Jeanslimit this an be desribed by:

Sν =
2kTex

c2
ν2 (2.11)2.2.2 Loal thermodynami equilibrium (LTE) and non-LTEIn thermodynami equilibrium (TE) many of the physial quantities an berelated to the equations of statistial mehanis. This for example means thatthe Boltzmann equation will desribe the exitation, the Saha equation willgive the ionization and the soure funtion an be set to be equal to the Plankfuntion.The stellar atmospheres an not be desribed by TE beause this would re-quire the atmospheres to have the same temperature everywhere and no net �owof radiation. The usual way is instead to use the approximation loal thermo-dynami equilibrium (LTE), where TE is assumed in smaller restrited parts of8



the atmosphere. Eah part is set to have the same temperature everywhere andthat the radiation is isotropi in it. This is however just appliable to regionswith higher densities and at larger optial depths. (A good way, even thoughnot easy, in astronomy to hek if LTE is a good approximation or not is toalulate the exitations temperature and see if it is the same as the kinetitemperature or not. LTE is a good approximation if the both temperatures arelose to the same value. It an be seen in Fig. 4.2 in setion 4.4 that this isgenerally not the ase for most of the AGB stars. This means that their levelpopulations ni of SiS an not be alulated from the Boltzmann equation.Thestatistial equilibrium equations (SE) are instead used to derive ni. This isalled to use a non-LTE model.In statistial equilibrium the absorption and emission oe�ients are de-sribed by,
jij(ν) = niAijφij(ν) (2.12)

αij = (njBji − niBijφij(ν) (2.13)for a multilevel moleule, with i representing the upper levels and j the lowerlevels in a transition j → i. Aij is the Einstein probability for spontaneousemission, Bij for stimulated emission and Bji for absorption. The populationdensities of the upper level are given by ni and the lower by nj. The line pro�lesfor the transitions are here set to be the same for all transitions.Equation 2.12 and 2.13 an in turn be used to derive the soure funtion inSE.
Sν =

jij

αij
=

niAij

njBji − niBij
(2.14)The level populations ni and nj an be derived from solving the statistialequilibrium equation.

∑

j<l

[njAjl+(njBjl−nlBlj)J̄jl]−
∑

j<l

[nlAlj+(nlBlj−njBjl)J̄lj ]+
∑

j

[njCjl−nlClj ] = 0(2.15)where Cjl and Clj are the ollisional rate oe�ients.2.3 Radio telesopes3This thesis is based on observations made by three di�erent radio telesopes:JCMT (James Clerk Maxwell's telesope), OSO (Onsala Spae Observatory) 20m telesope and APEX (Ataama Path�nder Experiment). A brief and generalexplanation how these types of radio telesopes are onstruted and how theyare funtioning will be given here. Some of the terminology often used in radioastronomy will also be introdued in this setion.A radio telesope an be onstruted in several di�erent ways dependingon whih wavelength region it is intended for. The radio telesopes that havebeen used during our observations are all onstruted in a similar way. They3Equations in this setion are taken from: Astrophysial tehniques, Kithin, 20039



Figure 2.5: A shemati piture of a heterodyne reeiver,(http://www.sr.bham.a.uk/yr4pasr/projet/photomixers/images/Heterodyne-Reeiver.gif).all have an antenna that onsists of a sensor and a dis, and a reeiver that willdetet and amplify the signal. The sensor is a SiS (super ondutor-insulator-superondutor) devie detetor. It onsists of two layers of a superonduting�lm. When a photon hits the detetor an eletron will absorb it and tunneltrough the insulator barrier between the �lms into the other superonduting�lm whih will transport it further to the reeiver. The reeiver in these ases area heterodyne reeiver, see Fig. 2.5. The reeiver transports the eletri signalfrom the SiS detetor through several ampli�ers to another detetor. Thatdetetor will then send out a new signal that will be integrated for a while sothat the noise level an be redued before it is transported to the output deviethat is onneted to a omputer.There are many similarities between an optial telesope and a radio tele-sope. One of these is that their sensitivity to eletromagneti radiation an bedesribed in similar ways. However, tradition has formed two di�erent typesof sensitivity diagrams. The optial telesopes power is usually desribed bydi�ration diagrams whereas radio astronomers usually use a polar diagram. Apolar diagram of a half-wave dipole an be seen in Fig. 2.6(a). This two dimen-sional �gure is just a ross setion of the beam pattern whih is more orretlydesribed by a three dimensional diagram where the beam pattern is buildingup a torso around the dipole's long axis, see Fig.2.6(b)Several half-wave dipoles are usually onneted in an array whih will makethe antenna more sensitive in the diretion of its optial axis. The antennasgain in the main lobe an be improved even more if a re�etor is plaed behindthe dipole. A re�etor and other elements that will improve the gain of the an-tenna and that are not part of the antennas eletri iruit are alled parasitielements. There are four di�erent terms that are usually desribing an anten-nas apability to reeive eletromagneti radiation: BW(HP) = beam width athalf power, BW(FN) = beam width at �rst nulls, the gain and the e�etive area.BW(HP) = The angular distane between the two points where the outputpower of the antenna has fallen to half of its maximum value.BW(FN) = The angular distane between the �rst two points, one on eah side10



(a) Polar diagram of a half-wave dipole.

(b) Three dimensional polar diagram of ahalf-wave dipole.Figure 2.6: Polar diagrams of a half-wave dipole il-lustrated in 2 and 3 dimensions, (http://www.radio-eletronis.om/info/antennas/dipole/dipolepolardiag.gif andhttp://www.radiowavz.om/ANTENN 1/img049.gif).of the optial axes, where the antennas sensitivity has fallen to zero. BW(FN)is 180o in a half-wave dipole, se Fig. 2.6.
BW (FN) = 2 ·

1.22λ

D
(2.16)Gain = Maximum output power / Average output powerE�etive area Ae:

Ae =
Pν

Fν
(2.17)where Pν is the power output by the antenna at frequeny ν and Fν is theorretly polarized �ux from the soure at the antenna frequeny ν.The gain g and the e�etive area Ae are related trough equation:11



g =
4π

c2
ν2Ae (2.18)The telesopes resolution is given by the Rayleigh resolution α, whih is thesmallest angular distane that two point soures an have in between them andstill be resolved by a telesope with diameter D.

α =
1.22λ

D
=

BW (FN)

2
(2.19)This means that big diss are required if you want a good resolution duringradio wave observations. Big diss are always muh more di�ult to build butthe Rayleigh limit λ/20 is also allowing the deviations from a paraboli surfaeto be bigger whih is making the building proess easier. The Rayleigh limit isgiving the largest deviations a dis an have from a paraboloid surfae before itstarts to worsen the telesopes resolution. A smaller limit: λ/20 is usually usedto be on the safe side.2.3.1 The main beam e�ieny and antenna temperature

Figure 2.7: Example of an observed spetrum with the intensity givenin T ∗
A sale. This is the J=5-4 rotational transition of SiS taken withthe OSO 20 m telesope.4The sensitivity or gain of the heterodyne reeiver is given in the antennatemperature T ∗

A, whih is measured in Kelvin. This is therefore the unit onthe y-axis in the observed spetra, see Fig. 2.7. T ∗
A is the temperature thatis giving the intensity that we would measure outside of the earth atmosphere.The observed spetra that is sent to the observers from the telesope is in the T ∗

Asale, beause it is already at the telesope orreted for the atmospheri e�eton the data. The redution proess that is left to do for the observer is thenonsisting of subtrating a baseline from the spetrum and divide the antennatemperature with the main beam e�ieny to orret the beam patterns side4Equations in this setion are taken from: Guide to spetral line observing at JCMT,http://dos.jah.hawaii.edu/JCMT/HET/GUIDE/12



wings for its non Gaussian form, see setion 3.5.2. All the redued spetra inappendix A are in main beam brightness temperature (Tmb) sale, whih is givenby:
Tmb =

T ∗
A

ηmb
(2.20)where ηmb is the main beam e�ieny.A desription how to alulate the main beam e�ieny is given here:Main beam e�ienyThe main beam e�ieny is alulated with the help of equation 2.21

ηmb =
T ∗

A

T ∗′

A

(2.21)where T ∗
′

A is the predited antenna temperature for a planet with a knownontinuum strength and T ∗
A is the measured antenna temperature of the planet.

T ∗
′

A = Tbηgauss (2.22)where Tb is the planets brightness temperature and where
ηgauss = 1 − 2D/BW 2 (2.23)BW is the beam width and D the diameter of the planet.The main beam e�ieny is regularly measured at the telesope and providedto the astronomer.
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Chapter 3Observations and redutionThe observations whih this diploma thesis is based on were performed with thethree radio telesopes: JCMT, APEX and OSO 20 m telesope. Some basiknowledge about the observing runs and some harateristis of the telesopeswill be given in this setion. A more detailed desription of the observationaltehniques at the APEX telesope will also be given. The initial part of thediploma thesis work onsisted of sending in a proposal to obtain high frequenySiS observations for a large number of AGB stars using the APEX telesope. Theproposal (see Appendix B) was aepted and observations were made in serviemode between 1-3 of July, 2006. The APEX observations form an importantpart of the large data set that this diploma thesis is based on.The diameters of the telesopes are 12 m (APEX), 15 m (JCMT) and 20m (OSO). All three telesopes have SIS reeivers, whih is the most ommonlyused type of reeiver today at radio telesopes. Some of the harateristis ofthe telesopes an be found in table 3.1.Telesope Reeiver Spetrometer Observed lines Bandwidth Spetral resolutionAPEX: APEX-2A FFTS 20 → 19: 0.42 GHz 1.211 MHz19 → 18: 0.29 GHz 1.151 MHzJCMT: B3 DAS 19 → 18 1.8 GHz 1.250 MHzA3: 12 → 11 950 MHz 625 kHzB3 19 → 18 1.8 GHz 1.250 MHzOSO: 100 GHz reeiver Mul A: 6 → 5 512 MHz 1 MHz5 → 4 512 MHz 1 MHzMul B: 6 → 5 64 MHz 250 kHz5 → 4 64 MHz 250 kHzLRCOR 6 → 5 640 MHz 400 kHz5 → 4 640 MHz 400 kHzTable 3.1: Telesope information. The bandwidths and spetral reso-lutions are taken from the data.3.1 The APEX telesopeThe APEX (Ataama Path�nder Experiment) telesope is a submillimeter tele-sope positioned on the high altitude site of Llano Chajnantor in the Ataamadesert in Chile, on an altitude of 5104 m. It has been operating sine July



2005 and it is onstruted to be an ALMA (Ataama Large Millimeter Array)prototype antenna. The planning and onstrution of the telesope is done in aollaboration between Max Plank Institute für Radioastronomie (MPifR) 50 %,Onsala Spae Observatory (OSO) 23 % and the European Southern Observatory(ESO) 27 %. The telesope an be seen in Fig. 3.1.

Figure 3.1: The APEX telesope at the Llano Chajnantor site,(http://www.universetoday.om/am/uploads/ut_sat.jpg).3.2 Observing at the APEX telesopeThe observation usually starts by doing pointing and fousing heks. This istypially done by observations of irumstellar envelopes of late-type stars withstrong spetral lines. In the ase of APEX's reeiver APEX-2A, usually the COrotational transition J = 3-2 is reommended. The same line is also used for theJCMT telesope whih also an use the CO rotational transition J = 2-1 anddepending on the reeiver being used strong ontinuum soures. The pointingand fousing heks are usually done by observations of strong SiO masers forthe OSO telesope. A alibration of the telesope is also needed and this isdone using the hopper wheel method. This means that the sky is observed andtwo loads with known temperatures. It is also important to take a standardspetrum at the beginning of eah observing run.The observing tehnique that is urrently available at the APEX telesope isposition swithing. The telesope is then physially moving between observingthe objet of interest and a referene position that do not emit any strongemission lines within the observed frequeny interval. In our observations thereferene position was hosen to be loated +3' in azimuth from the star.Another tehnique that is used at OSO and JCMT is the beam swithingtehnique. This tehnique is used in all observations taken with both the JCMTand OSO telesopes. The major di�erene between these methods is that in-stead of moving the entire telesope only the seondary mirror is adjusted sothat the light from the objet is varying between the two beams in the beamswithing tehnique. This tehnique is �attening the baselines more, beause ofits time saving ability. It goes faster to hange the inlination of the seondarymirror than moving the entire telesope. The time redution between observing15



Soure D L⋆ T⋆ Ṁ ve τ10 r i re[p℄ [L⊙℄ [K℄ [M⊙ yr−1℄ [km s−1℄ [m℄ [m℄M -stars:GX Mon 540 8000 1800 2.0.10−5 18.0 0.40 2.0.1014 2.2.1016IK Tau 250 6900 2800 1.0.10−5 18.0 1.30 1.2.1014 1.6.1016IRC-10529 270 10400 1800 2.5.10−6 11.0 3.00 2.5.1014 1.0.1016IRC+40004 410 11500 1800 6.0.10−6 17.5 0.30 3.6.1014 1.3.1016IRC+50137 410 9600 1800 1.0.10−5 16.5 2.40 5.4.1014 1.6.1016R Cas 220 6000 1800 1.1.10−6 8.0 0.20 1.5.1014 0.8.1016TX Cam 380 8400 2400 7.0.10−6 18.0 0.50 2.1.1014 1.3.1016WX Ps 600 7900 2200 1.0.10−5 19.0 3.00 2.2.1014 1.5.1016C -starsCW Leo 120 9600 2000 1.5.10−5 14.0 0.90 1.7.1014 2.2.1016LP And 630 9400 2000 1.5.10−5 13.5 0.60 1.5.1014 2.2.1016RV Aqr 670 6800 2200 2.8.10−6 15.0 0.27 7.6.1013 9.3.1015RW LMi 440 9700 2000 6.0.10−6 16.5 0.50 2.1.1014 1.3.1016V Cyg 310 6300 1900 9.0.10−7 10.5 0.08 8.7.1013 6.4.1015V384 Per 560 8100 2000 3.5.10−6 14.5 0.25 1.0.1014 1.1.1016V821 Her 600 7900 2200 1.8.10−6 13.0 0.45 8.1.1013 8.1.101515082-4808 640 9000 2200 1.0.10−5 19.0 0.80 1.9.1014 1.5.101615194-5115 500 8800 2400 9.0.10−6 21.0 0.55 1.5.1014 1.4.1016Table 3.2: Soure parametersthe referene position and the objet gives an improvement of estimating the at-mospheri e�et on the data whih in turn will �atten the baselines. The beamseparation for the OSO and JCMT telesopes where 11' and 2' respetively.3.3 The sampleThe aim of this diploma thesis projet is to study the hemistry of SiS throughaurate determination of its irumstellar abundane in a large sample of AGB-stars with varying C/O-ratios. The emission from the SiS moleules is usuallyweaker ompared to other moleules suh as CO, HCN and SiO, whih natu-rally leads to a bias toward high mass loss rate objets. Stars with lower massloss rates generally have too weak SiS line emission to be detetable with thetelesopes in use here within a reasonable observing time. This is so beause thehigher mass loss rates is leading to higher densities of moleules in the CSE:swhih in turn will lead to stronger SiS line emission.The sample ontains a seleted group of 34 M-type stars and arbon starswith low (∼10−7 M⊙ yr−1), intermediate (∼10−6 M⊙ yr−1) and high (∼10−5

M⊙ yr−1) mass loss rates. SiS line emission were however only deteted in theintermediate to high mass loss rate stars, in total 17 stars. SiO has earlier beendeteted by Gonzales Delgado et al. (2003) and Shöier et al. (2006) in thesame sample of stars and their results will later be ompared with the resultsderived for SiS in this diploma thesis. These artiles are also providing most ofthe stellar and irumstellar parameters that are used as an input to the model.The sample of the 17 stars and their parameters are given in table 3.2.The M-type stars are lassi�ed as M-type stars in Kholopov et al. (1985).They are all Mira variables, whih means that their luminosities are regularlyvarying from one maximum to another in a period of about 300-800 days. Thearbon stars are all lassi�ed, and studied in more detail, in Lambert et al.



(1986). They are onsisting of 7 Mira variables, one semi regular variable (RWLMi) and one that is approximated to be a semi regular variable (V821 Her) inthe alulations of its parameters.3.4 Observational resultsThe observations where arried out during 1997-1998 and Marh 2005 using theOSO 20 m telesope, July 2006 using APEX and 2000 using the JCMT. In total34 stars were observed and SiS line emission was deteted in 17 of them, in 8M-type stars and 9 arbon stars. A literature searh was also performed to �ndomplementary SiS observations. Data from Woods et al. (2003), Bujarrabal etal. (1994) and Olofsson et al. (1998) have been inluded in the analysis. Theintegrated intensities of both the observed lines and line intensities from theliterature an be found in table 3.3. The integrated intensities are given in Tmbsale whih means that they have been orreted for the main beam e�ieny.The absolute alibration of the line intensities is estimated to be about ± 20%.The observed rotational transitions of SiS are J=20-19, 19-18, 12-11, 6-5 and5-4, all in their ground vibrational state (ν = 0).3.5 Redution of the dataOne important part in this diploma thesis projet was to redue the large set ofdata from the three di�erent telesopes. The major part of the redution wasdone by the use of the xs pakage that was developed by P. Bergman at OnsalaSpae Observatory1. The proedure of reduing the data and estimating theintensity in the moleular lines an be summarized as followed:
• Detet the moleular emission lines.
• Subtration of baseline.
• Convert the data from T ∗

A to Tmb.
• Estimate the integrated intensity in eah moleular line.This proedure will be desribed in more detail in the following setions.3.5.1 Identi�ation of the moleular emission linesIt is useful to �rst redue the resolution in the spetra, espeially if they havehigh noise levels, before deteting the moleular lines in them. This an be seenin �gure 3.2, where the star WX Ps:s spetrum of the SiS rotational line J = 5-4is shown. The SiS emission line is rather di�ult to notie in �gure 3.2(a) butwhen the resolution is redued in �gure 3.2(b) it is muh more easy to detetit and to work with when estimating its integrated intensity. 1-4 rotationaltransition lines from SiS were deteted in 17 of 34 observed stars. Eah star'sdeteted lines are presented in table 3.3.Some lines are so weak so that they are di�ult to detet. It an thereforebe wise to use a method that an determine if it is a real line or just noise. One1ftp://yggdrasil.oso.halmers.se/pub/xs.



Soure IRAS Cat.a Tel.b Imb [K km s−1℄5 → 4 6 → 5 12 → 11 19 → 18 20 → 19M -stars:GX Mon 06500 + 0829 O OSO 0.2 0.2O JCMT 1.4IK Tau 03507 + 1115 O OSO 0.4O JCMT 4.7 9.2A IRAM 1.2A OSOH 0.3IRC-10529 20077 - 0625 O OSO <O JCMT 1.3O APEX 1.0A IRAM 1.1IRC+40004 00042 + 4248 O OSO <O JCMT 1.1IRC+50137 05073 + 5248 O OSO < 0.5O JCMT 1.5R Cas 23558 + 5106 O OSO <O JCMT < 0.7A OSOH < 0.4TX Cam 04566 + 5606 O OSO 0.6O JCMT 1.5A IRAM 1.8A OSOH 0.6WX Ps 0137 + 1219 O OSO 0.4 1.0O JCMT 4.0O APEX 4.2A OSOH 1.4C -starsCW Leo 09452 + 1330 O OSO 59.3/56.7O APEX 158.8A OSOW 39.5 52.4A SESTW 35.5 30.0A IRAM 115A OSOH 40.6LP And 23320 + 4316 O OSO /2.2A OSOW 4.1 1.9A IRAM 4.2RV Aqr 21032 - 0024 O APEX 0.5O SEST <A SESTH < 0.4RW LMi 10131 + 3049 O OSO 1.0/<A OSOW 0.6 3.6A IRAM 3.3A OSOH 1.3V Cyg 20396 + 4757 O OSO 0.3/A IRAM 0.8A OSOH 0.3V384 Per 03229 + 4721 O OSO 0.4/A OSOH 0.4V821 Her 18397 + 1738 O APEX 1.815082 - 4808 15082 - 4808 O APEX 3.8A SESTW 1.6 1.1A SESTH 1.115194 - 5115 15194 - 5115 O APEX 3.4A SESTW 2.8 2.4A SESTH 2.4aO=observed, A=artilebOSO, JCMT, SEST and APEX are data taken from reent observations. OSOW=OSOdata taken from P.Woods et al. 2003, SESTW=SEST data taken from P.Woods et al. 2003,IRAM=IRAM data taken from V. Bujarrabal et al. 1994, OSOH= OSO data taken fromH.Olofsson et al. 1998 and SESTH=SEST data taken from H.Olofsson et al. 1998.Table 3.3: Observational results.18



of these methods is to look at the width of the line whih should be aroundtwie the expansion veloity of the irumstellar envelope if it is a real line.

(a) The spetrum with a resolutionof 1.3 km/s. (b) The spetrum with a resolutionof 6.6 km/s.Figure 3.2: The star WX Ps:s SiS rotational transition line J = 5-4.It is observed by the OSO 20 m telesope.3.5.2 Subtration of baseline and onverting the data from
T ∗

A to TmbEah raw spetrum's line free regions is �tted to a low order polynomial line,the baseline. This baseline was then subtrated from the spetrum. The lastthing that had to be done before alulating the intensities of the lines is toonvert the T ∗
A to Tmb sale. This is done by dividing the spetrum with themain beam e�ieny ηmb.The main beam e�ieny is spei� for eah reeiver at a telesope andit is also wavelength dependent. The di�erent main beam e�ienies an befound at the homepages of the telesopes but some of them were needed tobe realulated for the frequenies of interest in this projet. This is done bytaking the already given values for ηmb to some known frequenies and do a�rst order linear �t. The oe�ients from the best linear �t an then be used toalulate better estimates of the ηmb for the frequeny that is representing theSiS emission line of interest. The main beam e�ienies an be found in table3.4.All the redued spetra an be found in Appendix A. The x-axis is set to bein the relative veloity and eah observed lines frequeny is set to be the restfrequeny whih means that the lines will be entered on the rest veloity = 0.Some of the lines might have a small o�set from the rest frequeny depending ofunertainties in the vlsr (the radial veloity relative to the Solar loal standardof rest).3.5.3 Estimating the integrated intensity in eah moleu-lar lineThe total intensity of the line an be estimated from integration over the veloityof the redued line. This is easily done with the help of the xs pakage. The



Transition Frequeny Telesope ηmb θmb[GHz℄ [�℄5 → 4 90.772 OSO 0.61 42.06 → 5 108.924 OSO 0.48 35.012 → 11 217.817 JCMT 0.69 21.519 → 18 344.779 APEX 0.73 17.5JCMT 0.62 14.020 → 19 362.906 APEX 0.73 17.3Table 3.4: The telesopes estimated main beam e�ieny and beamwidth.intensities are presented in table 3.3. The unertainty in the intensity, thatis estimated to be ±20%, is dominated by the errors that are arising duringthe redution of the data at the telesope and the onversion to the Tmb sale.The total intensity of the star V Cyg:s J = 5-4 transition was very di�ult toderive beause of its very low S/N. This line's relative unertainty in its intensitywas therefore set to be ±50%. CW Leo had two observations of the rotationaltransition J = 5-4, taken by the OSO 20 m telesope. Therefore an average ofthe two spetra was done so that a better estimate, with a higher signal to noiseratio, of the lines intensity ould given.An upper limit of the intensity an be estimated for the stars where nodetetion were done of SiS in their spetrum. The upper limit of the intensity
Iupper is given by formula 3.1,

Iupper = Tpp2ve (3.1)where Tpp is the peak to peak value of main beam e�ieny temperature
Tmb after the resolution has been degraded to twie the expansion veloity ve.The upper limits are presented in table 3.3 as < Iupper .
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Chapter 4Calulating the frationalabundanes of SiSThe major aim of this diploma thesis is to alulate irumstellar abundanes ofSiS and look for possible orrelations with the photospheri C/O-ratio and themass loss rate of the star. These goals will be reahed with the help of observa-tions of some of the rotational transitions of the SiS moleule supplemented bya detailed exitation analysis, whih in turn requires a reliable physial model.From the radiative transfer model it is possible to alulate line intensities thatan be diretly ompared to the observed lines. A good �t will give the bestestimates of the input parameters that are used in the model. In this setion themodel will be desribed, whih types of approximations that are made and howit an be used to alulate the SiS frational abundanes. The SiS frationalabundane is de�ned as the ratio between the SiS abundane ≡ number densityand the H2 abundane. SiS abundane, is sometime used as a shortening to theSiS frational abundane.One of the �rst things the model must be able to do is to alulate the exi-tation of the SiS moleules, ie., the level populations ni. This would be rathereasy to do if the CSE ould be desribed to be in LTE (loal thermodynamiequilibrium), where the relative level populations are determined only by theloal kineti temperature of the gas through the Saha and Boltzmann equations.However this is, as will be shown, generally not a good approximation for CSEs.A detailed non-LTE exitation analysis is therefore required.The alulated level populations ni will then be used to alulate the inten-sity that is emitted from the region where the SiS moleules are loated. It isthen possible to estimate how the lines would look if they were observed fromearth. This part is also inluded in the model and the resulted modelled lineswill then be ompared to the observed ones.All analysis of the data is performed using a radiative transfer pakage de-veloped by F. Shöier. The pakage is divided in three di�erent parts, eahrepresenting a ertain phase in the modelling work. The three di�erent partsof the program have eah its own input �le and they are exeuted one at eahtime after eah other using the results from the �rst one in the seond one andso on. The three di�erent major parts are:
• Non-LTE exitation analysis. 21



� The Monte Carlo ode.� The input parameters.
• Estimating the modelled lines.� Solves radiative transfer equation, by integration along di�erent linesof sight.� From ni to Tmb.
• Plotting and χ2 analysis.The underlying physial model that is used is alled the standard model,whih means that ertain approximations are done to desribe the morphologyof the CSE. The most important approximations in this model are: the massloss rate (Ṁ) is assumed to be isotropi and onstant with time, the expansionveloity (ve) of the CSE is set to be onstant and the CSE:s geometry is taken tobe spherially symmetri. The di�erent parts of the program will be explainedin more detail and their results will be presented in the following setions.4.1 Non-LTE exitation analysisThe level populations ni an be alulated with a non-LTE exitation analysis.This an be done with di�erent types of radiative transfer odes, the one used inthis diploma thesis projet is based on the Monte Carlo Method, see Bernes atal. (1979) and Shöier et al. (2001). The Monte Carlo method is hosen beauseit has advantages like, it is easy to adapt so that new physial ompliations anbe introdued, it is not too far from the physis, and it is rather easy to expandto be able to treat a wide variety of physial geometries. Examples of physialompliations are for example inhomogeneities in the CSE and deviations fromthe spherially symmetri approximation whih today is not inluded in themodel. One disadvantage is that the program has a slow onvergene ( √Niter),espeially at larger optial depths. This is however not onerning this projetbeause the lines of interest here are all rather optially thin. A omparisonbetween di�erent radiative transfer programs and their reliability an be foundin van Zadelho� et al. (2002).4.1.1 The Monte Carlo methodThe basi idea with the Monte Carlo method is that the radiation �eld is rep-resented by a smaller amount of model photons. Eah model photon will beemitted through the region of interest, in this ase the CSE, where all its ab-sorptions will be alulated by a ounter. All the model photons will be studiedlike this until they have either been totally absorbed or left the CSE. The ounterwill give the total amount of absorptions in the CSE during a ertain time thatthen an be used to solve the SE-equations, see eq. 2.15, that will give the newnumber of SiS moleules in eah exited rotational level. The new level popula-tions will then be used to alulate a new set of model photons that will be sentout and followed through the CSE. This will ontinue until the di�erene be-tween the old and new level populations are reahing the onvergene onditionthat has been set up. When this is ful�lled the level populations are determined22



well enough for estimating the soure funtions that will be used in setion 4.2to alulate the modelled lines.4.1.2 The input parametersA number of input parameters, that are spei� for eah star and its irum-stellar envelope, are needed to run the radiative transfer program so that esti-mations of their level populations ni an be derived. The most important ofthese parameters, suh as the mass loss rate, expansion veloity and radius ofthe SiS emitting envelope will be desribed here. The set of parameters adoptedfor eah star an be found in table 3.2 in hapter 3.LuminosityAll of the sample stars are Mira variables or semi-regular variables whih meansthat their luminosity an be related to their period, see Whitelok et al. (1994),Groenwegen & Whitelok (1996). This orrelation is desribed by the period-luminosity relation by the empirial formulas 4.2 and 4.1, whih are used toalulate the absolute luminosity of the stars, see Gonzales Delgado et al. (2003)and Shöier et al. (2006).Carbon stars:
Mbol = 2.02 − 2.59logP (4.1)M-type stars:
Mbol = 2.80 − 3.00logP (4.2)where P is the period in days and Mbol is the bolometri absolute magnitude.The distane, stellar temperature, dust's optial depth, Tdust(r), andthe ondensation radius riThe most aurate measurements of the distanes to stars is done by the Hip-paros Satellite (High Preision Parallax Colleting Satellite) that was launhedin 1989. The satellite measured the parallaxes of the stars whih then is used toalulate the distanes. Unfortunately, the Hipparos satellite did not measureany parallaxes for this projet's sample of stars, they were not bright enough,so the distanes had to be estimated from the P-L relations.For this sample of stars the distanes were estimated from best �t modelsof the stars observed SED (spetral energy distribution) through detailed dustradiative transfer modelling, see Fig. 4.1. In the modelling also the dust's optialdepth, the stellar temperature and the dust ondensation radius ri were derived.For a more detailed desription see Shöier et al. (2002) and Shöier et al.(2006). This type of alulation of the distane has usually a relative error ofabout 50%, but it is today the best estimate of the distanes that an be obtainedfor the objets that are studied in this projet. The distanes, dust optialdepths, stellar temperatures and dust ondensation radii are taken from Shöieret al. (2006) and Shöier et al. in prep. In addition, the radial distribution ofthe dust grains temperature is obtained from the SED modelling and used inthe moleular exitation analysis. 23



Figure 4.1: The best �t model of the arbon star V821 Her's SEDtaken from Shöier et al. (2006).The mass loss rate and expansion veloity from CO modellingThe mass loss rates and expansion veloities are alulated from modelling of COline emission. The mass loss rates will have absolute errors of a maximum fatorof three or less. The error is oming from the unertainties in the distane butalso from other parameters that are used in the model to estimate the mass lossrates. One aspet that also is important to have in mind when interpreting theresults is that the mass loss rates are estimated from multi transition modellingof low exitation CO lines, typially J = 1-0 up to J = 3-2 or 4-3, whih arepredominantly probing the more external part of the CSE ompared to SiSline emission. This is due to their di�erent spatial distributions of their COenvelopes that are about ten times larger than the SiS line emitting envelopes.This will not a�et the results when the mass loss rate is not varying so muh intime. However, reent studies have proven that some stars have rather strongtime variations of the mass loss rates (see the review artile by Shöier 2007).The mass-loss rates and expansions veloities have been taken from GonzalesDelgado et al. (2003), Olofsson et al. (1997), and Shöier et al. (2006).The CO lines are very often used when estimating the physial onditionsin CSEs. The reason for this is that the CO lines are generally the strongestlines that are emitted from AGB's CSEs, whih is important when using themin modelling. The CO lines are strong beause the CO moleules are after H2usually the most abundant speies, they are di�ult to photodissoiate and easyto exite.The photodissoiation radiusThe photodissoiation radius , whih is the size of the SiS-line emitting envelope,an be estimated from the empirial formula 4.3 taken from Gonzales Delgadoet al. (2003).
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log(re) = 19.2 + 0.48 log

(

Ṁ

ve

) (4.3)The SiS-line emitting envelopes are approximated to be the same as the onesthat have been used in the models to alulate the abundanes of SiO. The ap-proximation an be done beause of the many similarities between the moleulesand the assumption that they should reat similarly to photodissoiation andondensation.Moleular dataMoleular data are taken from Shöier et al. (2005) and are publially avail-able at (www.leidenuniv.nl/∼moldata) Leiden Atomi and Moleular Database(LAMDA). It inludes energy levels up to SiS J = 40 in both the v = 0 and v= 1 vibrational states. The ollisional rate oe�ients SiS-H2 where taken tobe the same as for SiO-H2, (see Shöier et al. 2005).4.2 The modelled linesThe seond part of the radiative transfer program will from the level populationsalulate the intensity for eah line from the SiS line emitting region. It willalso estimate how this line hanges when it is passing through the CSE andthe interstellar medium all the way to earth where it will be observed. Theresulting modelled line will be plotted and ompared to the observed line. Amore detailed desription of the proedure will be given below.The programwill �rst start with alulating the soure funtion (see eq. 2.14)for eah line from the level populations that were alulated in the �rst partof the radiative transfer program. The soure funtion an then be used toestimate the intensity for the line, see the radiative transfer eq. 2.5. The inten-sity is then desribing how the line would look if it would be observed diretlyoutside the star. The brightness distribution an then be onvolved with ap-propriate beams to simulate a real observation. This is why the beam width foreah telesope must be inluded in the input-�le. The observed line intensities,that the modelled lines will be ompared with, are already orreted for theatmospheri e�et on the lines. Other important parameters, in the input-�le,are the distane to the star and the number of lines of sight that the radiationtransfer equations are using when alulating the lines intensities.The beam widths, see table 3.4, were alulated exatly the same way asthe main beam e�ieny that were desribed in setion 3.5.2. They are alsospei� for eah telesope and wavelength. The values that were used in thealulations, were taken from the telesope's homepages.4.3 SiS abundanes and χ2The estimated modelled lines will be ompared to the observed spetra lines inthe last part of the modelling proedure. This is done by alulating the total
χ2

tot between the model and the data with equation 4.4,25
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(4.4)where Imodel,i is the integrated intensity for a spei� line given by the model,
Iobs,i is the integrated intensity of the same line taken from the observations,N is the number of observed lines and σi is the absolute error in the observedintensity.The abundane of SiS will be adjusted until a minimum χ2

tot is found. In thisway will the SiS abundane be used as the single parameter that is varied in themodel until a good �t is reahed. The best �t will in this way also give the bestestimation of the SiS frational abundanes. The SiS abundane is hanged insteps of 10%. The results from the best �t for eah star are presented in setion4.4.2.4.4 Results from the modelling4.4.1 An example on how the results from the three stepsin the model are presentedThe best �t model of the star WX Ps is shown in Fig. 4.2 and Fig. 4.3 asan example of how the results from the estimation of the levels populations,modelled lines and the �tting between the modelled lines and the observed linesare presented. Here have 45000 model photons and four observed rotationaltransitions: J=5-4, 6-5, 12-11 and 19-18, been used.Figure 4.2, results from the best model of WX PsThe �rst �gure at the top orner to the left is summarizing the most importantparameters that have been used and/or alulated in the model. The next three�gures to the right of the �rst one is showing that the number density of H2,the frational abundanes of SiS and the kineti temperature of the gas is goingdown, as expeted, with the radius in the model.The four diagrams in the middle are plotting how the exitation temperature(solid line) is hanging in relation to the kineti temperature (dashed line) withthe radius of the star for eah rotational transition. LTE would have been a goodapproximation if the exitation temperature would have been lose to the valueof the kineti temperature throughout the CSE. This is not the ase, whihis motivating the use of a non-LTE radiative transfer ode. The exitationtemperature is instead going above the line (super-thermally exited) for thelower transitions and below it (sub-thermally exited) for the higher rotationaltransitions. All of the stars are showing similar types of di�erenes betweenthe rotational transitions, even though not always suh big di�erenes as shownhere. It is therefore very interesting to see that this relation will hange whenthe dust is exluded from the model in setion 5.2.The four last diagrams are desribing how the normalized exitation tem-perature is varying with eah iteration for a ertain amount of given rotationaltransitions. The �gures are showing that the normalised exitation tempera-ture is approahing one after just a few iterations, i.e., onvergene of the level26



Figure 4.2: Results from the best model for WX Ps.populations is fast. This is indiating that the model is e�ient to use whenalulating the level populations for the SiS moleules.Figure 4.3, The modelled and observed linesIn Fig. 4.3 an the best resulted modelled lines be seen for the SiS rotationaltransitions: J = 5-4 and 6-5 in red and the observed lines presented in histogramsin blak. Similar �gures are plotted for all the stars lines together with the totalhi squared after eah run by the model.4.4.2 The SiS frational abundanesThe derived abundanes of SiS are presented in table 4.1 together with theiralulated χ2
red, that is taken aount of the number of free parameters that areused in the modelling, see equation 4.5.

χ2
red =

χ2
tot

d
(4.5)where d is the number of degrees of freedom:

d = N − c (4.6)and N is the number of lines and  the number of onstraints, whih in thisase is the number of varying parameters in the model.



Figure 4.3: Results from the best model for WX Ps. To the left is theSiS J = 5-4 and to the right the SiS J = 6-5. The lines are observedby OSO.The error estimation of the derived SiS abundanes is very ompliated.The unertainty of 20% in the intensity from the observations an be diretlypropagated to introdue a relative error of 20% in the SiS abundanes. Thiserror is however muh too small to over the unertainties in the modelling ofthe lines.The errors from many of the di�erent input parameters will a�et the resultsfrom the modelling in very ompliated ways that an not be easily derived. Forfurther disussion see Gonzales Delgado et al. (2003). There they varied many ofthe parameters to see how this would a�et their results of the SiO abundanesand they onluded that the errors were about a fator of 3-5 depending onwhih mass loss rate the star had. These results are onsidered to be adaptableon this projets SiS abundanes error estimation. This onlusion was based onthe fat that the same model was used, with parameters of the same orders andthat the moleules SiO and SiS have several similar properties. The unertaintyin the SiS abundanes is therefore estimated to about a fator of three withinthe adopted irumstellar model.The median value of the SiS abundanes for the arbon stars is 2.5.10−6,with the maximum value of 5.5.10−6 and the minimum value of 1.0.10−6. TheM-type stars have a median of is 2.1.10−7, with the maximum value of 1.6.10−6and minimum value of 3.5.10−8. They are also plotted in Fig. 4.4 against their
Ṁ/vv ratio, whih is a form of density measurement, on the x-axis. Theseresults are learly showing that the arbon stars have a fator of around 10higher SiS abundanes than the M-type stars. The arbon stars median valueare agreeing rather well with the most reent hemial models while the M-typestars have fator of 10-100 higher than what the most reent hemial modelsare prediting, see Cherhne� et al. (2006). This is further disussed in setion6.2.The SiS abundane also shows a tendeny to derease when the mass lossrate is inreasing, this is espeially lear when studying the arbon stars. Theorrelation between the mass loss rate and the SiS abundane was derived withthe orrelation funtion that gives the orrelation value r, see eg. 4.7. If theorrelation value r is above 0.6 then this is indiating that there is a strongorrelation between the SiS abundane and the mass loss rate.28



Soure IRAS Ṁ ve re fSiS χ2

red
Na[M⊙ yr−1℄ [km s−1℄ [m℄M -stars:GX Mon 06500 + 0829 2.0.10−5 18.0 2.2.1016 9.0.10−8 5.7 3IK Tau 03507 + 1115 1.0.10−5 18.0 1.6.1016 8.5.10−8 10.9 4IRC-10529 20077 - 0625 2.5.10−6 11.0 1.0.1016 2.0.10−7 9.3 3IRC+40004 00042 + 4248 6.0.10−6 17.5 1.3.1016 3.5.10−7 ... 1IRC+50137 05073 + 5248 1.0.10−5 16.5 1.6.1016 2.2.10−7 1.6 2R Cas 23558 + 5106 1.1.10−6 8.0 0.8.1016 1.5.10−7 ... 1TX Cam 04566 + 5606 7.0.10−6 18.0 1.3.1016 4.5.10−7 4.0 3WX Ps 0137 + 1219 1.0.10−5 19.0 1.5.1016 1.6.10−6 0.4 4C -stars:CW Leo 09452 + 1330 1.5.10−5 14.0 2.2.1016 1.4.10−6 3.1 3LP And 23320 + 4316 1.5.10−5 13.5 2.2.1016 1.0.10−6 5.4 2RV Aqr 21032 - 0024 2.8.10−6 15.0 9.3.1015 1.3.10−6 ... 1RW LMi 10131 + 3049 6.0.10−6 16.5 1.3.1016 3.5.10−6 4.1 2V Cyg 20396 + 4757 9.0.10−7 10.5 6.4.1015 3.0.10−6 ... 1V384 Per 03229 + 4721 3.5.10−6 14.5 1.1.1016 2.5.10−6 ... 1V821 Her 18397 + 1738 1.8.10−6 13.0 8.1.1015 5.5.10−6 ... 115082-4808 15082 - 4808 1.0.10−5 19.0 1.5.1016 2.5.10−6 9.9 315194-5115 15194 - 5115 9.0.10−6 21.0 1.4.1016 1.9.10−6 16.1 3aNumber of lines Table 4.1: Results from modelling.
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(4.7)The alulation of the r-value for the M-type stars relative the mass loss ratewas about 0.03, whih onludes that no lear orrelation between them ouldbe found. The r-value for the arbon stars SiS abundanes were around -0.6relative both the mass loss rate and the Ṁ/ve ratio, although still for a rathersmall number of soures. This is showing that there is a strong orrelationbetween the SiS abundanes and the mass loss rates of the arbon stars.
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Figure 4.4: The resulted SiS abundanes from the modelling plottedagainst the Ṁ/ve. The red dots are the M-type stars and the blue dotsthe arbon stars.
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Chapter 5Testing the model to learnmore about the SiS results5.1 A ompat omponent

(a) The SiS abundanesvariation with radius forGX Mon (b) The SiS abundanesvariation with radius forGX Mon, with a ompatomponent inluded in themodel.Figure 5.1: The results from modelling of GX Mon with and withouta ompat omponent inluded in the model.8 AGB stars were hosen to be remodelled with a ompat omponent in-luded in the model to see how this might improve the �ts between the modelledand observed lines. Of these 8 stars were 5 M-type stars and 3 arbon stars.They were hosen beause they had 3 or more observed SiS emission lines, whihwere the lower limit of the number of observed lines that were required to alu-late a χ2
red with two free parameters. The two free parameters that were variedin the model with a ompat omponent were f0, the SiS abundane, and fc, theSiS abundane in the ompat omponent. The inner ondensation radius rc,where the ompat omponent ends, is �xed to 1.0.1015 m for all the stars. Thedi�erenes between the model with a ompat omponent and a model without31



a ompat omponent an be seen in Fig. 5.1. The two abundane parame-ters where varied until a best �t between the modelled lines and the observedemission lines were reahed. The results an be seen in table, 5.1. Two stars,GX Mon's and IK Tau's, χ2
red improved from 10.9 to 2.5 and from 5.7 to 1.4respetively, with a ompat omponent in the model. The ompat omponentalso resulted in smaller SiS abundanes in these two stars. The other stars �tsdid not improve in any higher extent.Soure GX Mon IK Tau IRC-10529 TX Cam

χ2

red
5.7 10.9 7.3 4.0

χ2

red
(omp) 1.4 2.5 x x
f0 9.0.10−8 8.5.10−8 2.5.10−7 4.5.10−7

f0(omp) 1.0.10−8 < 5.0.10−9 x x
fc 1.5.10−5 9.0.10−6 x xSoure WX Ps CW Leo IRAS15082 IRAS15194

χ2

red
1.3 4.8 6.3 12.9

χ2

red
(omp) x x x x
f0 1.6.10−6 1.4.10−6 3.6.10−6 3.0.10−6

f0(omp) x x x x
fc x x x xTable 5.1: Results from remodelling with ompat omponent inludedin the model.The ommon thing for IK Tau and GX Mon is that they both have a low SiSabundane ≈10−7, see table 4.1 To see how sensitive the SiO and SiS emissionlines are to a model with and without a ompat omponent inluded additionaltests were made. In this test a model for a star with a spei� set of stellar andirumstellar parameters was exeuted with and without a ompat omponent.The ratio between the line intensity Icomp from a model with a ompat ompo-nent inluded and the intensity I from a model without the ompat omponentinluded was then alulated for eah spei� line of interest. This Icomp / Iratio was then alulated for di�erent mass loss rates, SiS and SiO abundanes,see Fig. 5.2. Clearly the SiS line intensities, as well as the ratios, are more sen-sitive to abundane gradients than those of SiO. These results will be furtherdisussed in setion 6.5.2 A test of the most ontributing soure to SiSline exitationThe two main soures of exitation of the SiS moleules in this sample of objets,in addition to ollisions with H2 moleules, are the luminosity from the star andthe dust emission. The photons of the star are mainly absorbed by the gas anddust before they have a hane to reah the SiS line emitting region, espeiallyif it is a high mass loss rate star beause of it is higher densities of gas anddust. This does not mean that the stars luminosity is not a�eting the lineemission at all. Some of the photons will reah the SiS line emitting region andmany of the photons will also be absorbed by the dust and remitted at longerwavelengths, with a maximum at around 8 µm, that will a�et the SiS lines. Sothe dust is not just absorbing photons it is also emitting them. This might havean important in�uene on the di�erent line intensities. A few tests have been



Figure 5.2: Results from alulating how the ratio I/Icomp is hangingwith the SiS and SiO abundanes and with the mass loss rate. This isdone for a model star with: ve = 12 km/s, L = 6000 L⊙, T⋆ = 2400 K,
τ10 = 0.1, fc = 2.0.10−5 and rc = 1.0.1015. The Tkin(r) and Tdust(r)are set to be the same as for the star R For.performed to see how eah of these soures are ontributing to the exitation ofthe SiS-moleules and if the lines intensities are a�eted di�erently by them.The tests estimated how the di�erent line intensities hange when the star isturned o�, the dust is taken away and when both the dust is taken away and thestar is turned o�. The stars under study were: IRC-10529, WX Ps and CWLeo. WX Ps and CW Leo were hosen beause they both have high mass-lossrates in eah of the groups of M-type stars and arbon stars. IRC-10529, whihis a M-type star was hosen beause of its low mass loss rate. The sample ofstars was also hosen beause these stars have observations of 3 to 4 rotationaltransitions eah and all transitions is represented so that di�erenes betweenthe lines an be studied. All models have been done with 45000 model photons.The results an be seen in table 5.2.The results learly show that the luminosity of the star is not a�eting theline intensities in the high mass loss rate stars to any higher extent. This wasalso expeted beause of their higher densities of H2 that will absorb most ofthe photons from the star irrespetive of if there was dust there or not. It antherefore be seen that an inreased luminosity in the lower mass loss rate starIRC-10529 will inrease all of its line intensities just beause of the higher rateof photons that an reah and exite the moleules.The results also indiate that the dust is a very important fator in theexitation of SiS moleules. The integrated line intensities are inreasing witha fator of 2 or more for the higher rotational transitions J = 12-11, 19-18 and20-19, when the dust is inluded in the model. The highest fator is seen inthe star IRC-10529 whih has the lowest mass-loss rate. An interesting thingto note here is that both the star, IRC-10529 and WX Ps have higher line



Model with Imb
a [K km s−1℄5 → 4 6 → 5 12 → 11 19 → 18 20 → 19M -stars:IRC-10529star + dust 0.25 0.96 1.27dust 0.17 0.85 1.10star 0.48 0.58 0.54no star or dust 0.37 0.36 0.32WX Psstar + dust 0.47 0.92 4.10 3.78dust 0.47 0.91 4.08 3.75star 0.72 1.12 2.15 1.85no star or dust 0.70 1.07 2.06 1.79C -starsCW Leostar + dust 40.1 69.2 127.3dust 40.0 69.0 125.9star 38.4 53.7 63.6no star or dust 35.6 50.0 61.8aModelled intensityTable 5.2: The di�erent soures for line exitationintensities for the lower rotational transitions when the dust is taken away thanwhen it is inluded. These results are also agreeing rather well with the ones inShöier et al. (2006) where a similar study has been done for the SiO moleule.It is shown there that in the ase of high mass loss rate objets dust is playinga more important role than the emission from the star, espeially for the highertransitions.5.2.1 The importane of inlusion of dust in the model.As has been shown earlier, from the results of the modelling, the exitationstemperatures for the di�erent rotational transitions are sensitive to how thedi�erent parameters are varying in the model and also with the radius of thestar. The exitation temperatures are not at all a�eted by hanges in the stel-lar parameters but they were all dereased to below the kineti temperatureat higher radii when the dust was exluded from the model (see Fig. 5.3). Anexplanation for this ould be the loss in temperature and line emission. Thehigher rotational transitions are not a�eted by this as muh as the lower rota-tional transitions, as an be seen in Fig. 5.3 when omparing it with Fig. 4.2.They deouple from Tkin at smaller radii. So dust emission is able to maintainexitation further out.There are many other di�erent fators that are dependent of the dust, thatould explain the hanging line intensities. The line intensities might bothinrease beause of the smaller optial depth when the dust is taken away orderease beause of the absene of photons that are emitted from the dust. Thesize of emitting region might also hange beause of the muh smaller or biggeramount of dust grains. If the SiS line emitting region will be smaller for someof the SiS rotational transitions that will then lead to that their intensities willbe lowered beause of the dilution by the beam of the telesope.One other very important aspet to have in mind is that the distribution ofphotons will hange. The peak of the distribution of photons will for example34



Figure 5.3: Results from the best model for WX Ps when the optialdepth is put to zero. This means that the dust is exluded from themodel.be moved to higher energies when dust is not inluded in the model beauseof the absenes of dust grain that an absorb them and then reemit them oflower frequenies. This might explain the derease of the line intensities inthe lower transitions and the inrease in the higher transitions when dust isinluded in the model and the other way around depending on where the peakof the distribution of photons will be.The most signi�ant onlusion that an be taken from this study is thatthe dust has a bigger impat on the line intensities than the stellar parametersand that it is therefore very important to inlude the dust in the models. If thedust would not have been inluded in the models an inrease of the frationalabundanes of SiS would have been needed to ompensate for the loss of emissionrelated to the dust for some of the stars, whih would have given wrong estimatesof the SiS frational abundanes.
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Chapter 6Disussion6.1 Carbon stars versus M-type stars6.1.1 Comparison with earlier researh on SiSThe results learly show that it is a higher frational abundane of SiS in arbonstars than in M-type stars. These results are interesting to ompare with theresults by Woods et al. (2003) and Bujarrabal et al. (1994), see table 6.1.The median value of the SiS abundane for the arbon stars from Woods et al.(2003) is 2.7.10−6 whih is very lose to the estimated median SiS abundane2.5.10−6 from this diploma thesis projet. It is important to have in mind wheninterpreting this that the intensities from Woods et al. where used in the modelswhen deriving the SiS abundanes. This might have in�uened the results to bea bit loser to eahother, but it is still interesting to see that they are so similar.Beause the model used in Woods et al. are less omplex than the ones used inthis diploma thesis and they have also just used one SiS line when deriving theabundane. The omparison between SiS abundanes taken from Bujarrabal etal. with the results from this projet show that they also derived SiS abundanesfor the M-type stars that are about a fator of ten lower than the abundanesin the arbon stars. Intensities from Bujarrabal et al. were not used in thisprojets models, beside in one star. The major di�erene between their andthis diploma thesis SiS abundanes is that their abundanes is in general higherfor both M-type stars and arbon stars.This divergene an be explained by the use of di�erent distanes, mass lossrates, and sizes of the SiS emitting envelopes in the models. Bujarrabal et alhave also used a LTE as an approximation, while non-LTE has been used in thisprojet to derive the abundanes. Non-LTE is today onsidered to be a betterdesription of the environment in CSE beause of its low densities and lowertemperatures, but this is also demanding a more ompliated radiative transferprogram. The use of LTE is making the results muh more sensitive to the SiSemitting envelopes size, whih ould be one of the most important explanationsfor the di�erene in the results.One other very important di�erene is also that Bujarrabal and Woods et al.have just been using one rotational transition in there models when up to 4 lineshave been used in this diploma thesis. It is very legible from this projet's high
χ2

red that one should be very areful when using just one rotational transition



when estimating the SiS abundanes.Soure IRAS fSiS fSiS fSiS χ2

red
NaW.-03 B.-94 Dipl.ThM -stars:GX Mon 06500 + 0829 9.0.10−8 5.7 3IK Tau 03507 + 1115 4.4.10−7 8.5.10−8 10.9 4IRC-10529 20077 - 0625 5.6.10−7 2.0.10−7 9.3 3IRC+40004 00042 + 4248 3.5.10−7 ... 1IRC+50137 05073 + 5248 2.2.10−7 1.6 2R Cas 23558 + 5106 1.5.10−7 ... 1TX Cam 04566 + 5606 1.5.10−6 4.5.10−7 4.0 3WX Ps 0137 + 1219 1.6.10−6 0.4 4C -stars:CW Leo 09452 + 1330 9.5.10−7 3.9.10−6 1.4.10−6 3.1 3LP And 23320 + 4316 9.5.10−7 3.5.10−6 1.0.10−6 5.4 2RV Aqr 21032 - 0024 1.3.10−6 ... 1RW LMi 10131 + 3049 3.1.10−6 1.9.10−6 3.5.10−6 4.1 2V Cyg 20396 + 4757 7.4.10−7 3.0.10−6 ... 1V384 Per 03229 + 4721 2.5.10−6 ... 1V821 Her 18397 + 1738 5.5.10−6 ... 115082-4808 15082 - 4808 2.7.10−6 2.5.10−6 9.9 315194-5115 15194 - 5115 4.6.10−6 1.9.10−6 16.1 3aNumber of linesTable 6.1: Results from the diploma thesis projet(Dipl.Th) in om-parison to the results from Woods et al. (2003) (W.-03) and fromBujarrabal et al. (1994) (B.-94)6.1.2 What do the hemial models sayIt is also very interesting to ompare the results with the SiS abundanes thathave been derived from the hemial models. The hemial model used in Cher-hne� et al. (2006) is deriving a higher distintion between the SiS frationalabundanes in M-type stars and the arbon stars than is estimated from the ob-servations in this diploma thesis projet. There are many arguments that ouldbe used to explain this di�erene. One of these are that the hemial models isestimating the moleular abundanes a few stellar radii from the enter of thestar whereas the observations is deriving the abundanes a ouple of hundredstellar radii from the enter of the star.The estimated abundanes with the observations is also a lower limit of theabundane beause some of the SiS moleules might have been depleted ontodust grains whih will derease the real value of the observed abundanes. Thiswould in fat speak for a even bigger di�erene between the hemial models andthe observations, beause then would the observed abundanes in the M-typestars be even higher than they are estimated to be now.One other reason, for the divergene between the hemial models and ob-servations, an be that the hemial reations that produe SiS are not set tobe as e�ient in the hemial models as they should be aording to the obser-vations. In the artile Duari et al. (1998) where the SiS abundane alulatedin the star IK Tau with a similar hemial model that Cherhne� later used.They estimated it to be around 3.8.10−10 but it is varying a lot with the radius.37



This is muh lower than the estimated value 8.5.10−8 in this projet.
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Figure 6.1: The SiS/SiO ratio for all the stars in the sample6.1.3 The SiS results relative to results for SiOThe ratio SiS/SiO has been alulated for all of the sample's stars, see Fig. 6.1,to ompare the derived SiS abundanes with the SiO abundanes. It an be seenin the �gure that there is about the same amount of SiO as SiS in the arbonstars. There are though two stars, CW Leo and LP And, that are having muhhigher SiS/SiO ratios. These high ratios is mostly dependent on their very lowSiO abundane that ould be related to their high mass loss rates.For the M-type stars is the SiS/SiO ratio mostly below one, whih an beexplained by the stars' low abundane of SiS. The largest di�erene betweenthe estimated abundanes of SiS and SiO in this same sample of stars was thatarbon stars have muh more SiS than M-type stars, while there was no leardivergene in the SiO abundane between the two di�erent types of stars. Thisis learly shown in Fig. 6.2. The SiO abundanes for the arbon stars are takenfrom Shöier et al. (2006) and for the M-type stars from Gonzales Delgado et al.(2003). The di�erene in SiS, between the two types of stars, will be explainedby hemial models in the next setion.6.2 The hemial modelsThe di�erene in the SiS abundane between the arbon stars and M-type starsan be explained by how strong the formation and destrution proesses inthe stars are. The following hemial reations and disussion are taken fromCherhne� et al. (2006). The derived SiS abundanes from the hemial modelsare plotted against the stellar radius for stars with di�erent C/O ratio in Fig. 6.4.It is there learly shown that it is a muh higher amount of SiS in arbon starsthan in M-type stars. It an also be seen there that the SiS abundane inarbon stars is rather onstant with radius whereas the SiS abundane for M-type stars is dereasing with stellar radius. This derease is explained by the low38



abundane of Si-atoms at higher stellar radii in M-type stars, see Fig. 6.3(a),that will lower the e�ieny in the formation reation 6.1.
S + Si + M → SiS + M (6.1)where M is a moleule that ats as an atalysator. This reation is howevermore favoured in arbon stars beause of their higher rates of free Si-atoms.The majority of free Si-atoms omes from reation 6.2,
Si + OH → SiO + H (6.2)where SiO is the one of the reatants. This reation is going in both di-retions for both types of stars at lower radii. At higher radii is this hanged.Most of the SiO atoms in M-type stars will then reat further with oxygen toform SiO2 that will bind the free Si atoms. This will not be done in the arbonstars beause of their lower abundane of oxygen. This means that the SiO-Sireation in arbon stars will ontinue to go both ways and in this way still beproduing free Si-atoms. The other formation reation 6.3 of SiO is favouredlose to the stellar photosphere and it is as e�ient in M-type stars as in arbonstars.
Si + HS → SiS + H (6.3)There are also two major destrution reations:
SiS + H → Si + HS (6.4)
S + SiS → S2 + Si (6.5)The �rst one, reation 6.4 is most e�ient just above the stellar photosphereand it is equally favoured in both M-type stars and arbon stars. The seondSiS-destrution reation 6.5, that is mostly ourring at larger stellar radii, ismuh stronger in the M-type stars than in the arbon stars beause of theM-type star's higher rates of free S-atoms, see Fig. 6.3(b). This more e�ientdestrution reation is one very important reason to the lower abundanes of SiSin M-type stars. The higher abundane of sulphide in M-type stars is explainedby the more e�ient reation 6.1 in arbon stars that onsumes most of thesulphide. The reation 6.6,
CS + O → CO + S (6.6)that replenish the gas with atomi S is also muh more e�ient in M-typestars beause of the higher amount of atomi oxygen.6.3 Condensation onto dust grainsOne of the two major goals with this diploma thesis projet was to investigatehow the SiS abundane is varying with the mass loss rates for arbon starsand M-type stars. The results that are presented in Fig. 4.4 in hapter 4 areshowing a derease in the SiS abundane in arbon stars when the mass loss rateis inreasing. This is further supported by alulating the orrelation value r =39



-0.6, that learly stated a strong negative orrelation between the SiS abundaneand the mass loss rate. Suh a orrelation where however not found betweenthe mass loss rate and the SiS abundane for the M-type stars. The onlusionis therefore that SiS is ondensed onto the dust grains more e�etively at highermass loss rates, where the densities are higher and thus the hane for adsorptionis inreased, for the arbon stars but that this ould not be shown for the M-typestars. This an also be further proven by �tting a postondensation funtion tothe derived SiS abundanes for the arbon stars. This funtion,
fSiS = Ae−BṀ (6.7),where A and B are onstants, is desribing the expeted dependene forthe postondensation abundane aording to a rather simple dust model (seeDelgado et al, 2003 for an average AGB star). As an be seen in Fig. 6.5(a)is the �t not very good but the data show a tendeny to follow the line. Thisould however, as expeted, not be seen for the M-type stars, see Fig. 6.5(b).There are many reasons for why the M-type stars do not show any leartendeny for a derease in their SiS abundane at higher mass loss rates. Oneof the most important is that the range of mass loss rates are not so large. Aderease in the SiS abundane might have been seen if more M-type stars withlower mass loss rates had been observed and had SiS deteted in them. Thishypothesis an be supported with the same sample of stars results from the SiOobservations. see Fig. 6.2(b). In this �gure is the derease in the arbon starsabundane also rather lear while it is not as learly shown for the M-type stars.The derease in the SiS abundane is however muh more lear for the M-typestars, when stars with a muh wider range in mass loss rates are inluded asan be seen in Fig. 1.1 in hapter 1. One other reason that also an explain whyno lear derease with the mass loss rate is shown for the M-type stars is thatthe three stars', WX Ps, IRC-10529 and R Cas, results are worsen the haneto �nd a orrelation between the mass loss rate and the SiS abundane. Thesethree stars will be further disussed in the next setion.6.4 Speial objetsAll the three M-type stars, RCas, IRC-10529 and WX Ps are stars that havemass loss rates that are more di�ult than usual to estimate. This means thattheir mass loss rates are varying with time. A muh more aurate estimateof these stars mass loss rates would be done if the models ould take aountfor mass loss rate's variation with time, for further disussion see Shöier et al.(2007), in prep.Both R Cas and IRC-10529 have a muh lower abundane of SiS than ex-peted for their mass loss rates, if a orrelation should be found between themass loss rates and the SiS abundanes for the M-type stars. Aording to veryreent estimations by Shöier et al. (2007), in prep. has R Cas a mass lossrate of 4.0.10−6 loser to the star whih would be more appropriate for the SiSmodelling instead of the 1.1.10−6 that is used in the model now. The reason forthis is that the observed SiS line emission is oming from the inner regions ofthe CSE. To see how this new mass loss rate would a�et the results was thestar remodelled with the new mass loss rate. This gave a new abundane of3.5.10−8 instead of 1.5.10−7, in this remodelling was not the photodissoiation40



radius re hanged. If this had been done had probably the abundane dereasedeven more. A new lower abundane for R Cas would improve the r-value for theM-type stars but still not as muh so that a strong orrelation ould be foundbetween the mass loss rates and the amount of SiS moleules.The star WX Ps is also speial beause of its muh higher abundane thanexpeted for a M-type star. This star is well known to be ating in a moreunusual way, whih for example makes it hard to properly estimating its massloss rate. A new r-value was alulated with the removal of WX Ps and R Casfrom the sample of M-type stars to see how this would a�et the orrelationvalue r. The result is interesting beause without these two stars a orrelationan be found for the M-type stars, the r value is then equal to -0.58 when theorrelation is measured for the density measure Ṁ/ve versus the SiS abundane.6.5 High χ2
redThe high χ2

red for both types of stars �ts obtained from the SiS modelling areinteresting to look at. Espeially when they are ompared to the χ2
red that arealulated for the �ts between the SiO observations and their modelled lines,beause they are muh lower usually around 2-4, see Delgado et al. (2003)and Shöier et al. (2006). So the question is therefore why it is suh a bigdi�erene in the agreement between the models and the observations for thesetwo rather similar moleules. The same model and similar parameters havebeen used during the radiative transfer modelling so there is no explanation inhow the results are derived from the model that might explain these di�erenes.Two plausible explanations have been found. The �rst one is that SiS is moreoptially thin whih in ombination with the use of single dish telesopes anda steep abundane gradients might a�et the observational results in a waythat the model is not orreted for. The seond explanation is that there is atemporal variation in the line intensities that is onneted to the stars variableluminosity, this is also not inluded in the model whih then will give modelledlines that di�er from the observed lines. This will be further analysed anddisussed in the upoming setions.6.5.1 The e�ets of a ompat omponent of SiSThe model that has been used to desribe the CSE envelope around the AGBstar assumes that the SiS abundane f0 is onstant after the ondensation radius

ri until it starts to derease when the radius is getting loser to the photodisso-iation radius re. The same model is used when the SiO abundane i estimated.This model is used as an approximate way of desribing how the SiO moleulesare distributed in the CSE. Aording to reent interferometri observations bySiO in arbon and in M-type stars are the SiO moleules also gathered in aompat omponent in the inner parts of the CSE, see Shöier et al. (2006b). Aquestion that is interesting to ask then is why suh a good agreement is reahedbetween the models and the observations of SiO, without having a ompat om-ponent inluded in the models, see Gonzales Delgado et al. (2003) and Shöieret al. (2006). These artiles show that the χ2
red has rather low numbers forthe most of the stars, whih is stating a good agreement between the radiativetransfer model and the observations. 41



The answer lies in the fat that the ompat omponent will not a�et thesingle dish observations of the SiO emission lines due to their high optial depths,ie. the line emission from the ompat omponent will be absorbed by the outerparts of the CSE and never be deteted in the observations. In addition tothis will also the SiO emission be dominated by emission from the outer regionsof the CSE beause of the muh higher A oe�ient for the lower SiO rota-tional transitions, in the outer older regions, than for the higher SiO rotationaltransitions in the inner warmer part of the CSE. So the emission from a om-pat omponent would even be hard to detet if the line emission would havebeen optially thin. This onludes that a model without a ompat omponentan be used to desribe the CSE morphology with good agreement with theobservations.A ompat omponent will however a�et the observations of the optialthin SiS line emission, beause then the emission from the ompat omponentwill pass through the CSE and reah the telesope. This means that the singledish observations will both reeive SiS line emission from the inner ompatomponent and the outer ooler regions in the CSE. If this is not taken aount ofin the model it will ause disagreements between the model and the observationsand therefore give high χ2
red.From the above disussion an the onlusion be drawn that an inlusion ofa ompat omponent in the model might improve the χ2

red. This was thereforedone, see setion 5.1, and the results showed that 2 of 8 stars �ts were improved.The ommon thing for both these stars were that they were both M-type starsand that they had low abundanes of SiS ompared to the other stars in thetest. This was agreeing well with the results from the investigation where the
Icomp / I ratio was alulated for an example star where just the mass lossrate and SiS abundane were hanged. Beause the results showed that thehigher lines and stars with lower SiS abundanes were more sensitive to hangesin the ondensation radius rc than the lower lines and stars with higher SiSabundanes. Aording to these results all the M-type stars would be moresensitive to a ompat omponent than the arbon stars beause of their lowerSiS abundanes. So the arbon stars and the M-type star WX Ps should notbe a�eted so muh beause of their higher SiS abundanes. The other twoM-types stars' χ2

red, with low SiS abundanes, were however not improved bythe inlusion of a ompat omponent as would have been though from theinvestigation. The reason for this ould be that they did not have any ompatomponent in them or that other things like varying line strengths are a�etingthe intensities of the observed lines (see setion 6.5.2.The same investigation also showed that the SiO Icomp / I ratio was not sen-sitive for a ompat omponent as the SiS Icomp / I ratio was in the, SiS abun-dane and mass loss rate, region were this diploma thesis sample was plaed.This is agreeing well with the earlier disussion about how these moleules singledish data would be a�eted by a ompat omponent in the model.Interferometri observation of SiS that have been done an be seen in theartiles Bieging and Tafalla, (1993) and Lindqvist et al. (2000). They arethere presenting one SiS map eah. In Bieging and Tafalla, (1993) is CW Leostudied, see Fig. 6.6(a) and RW LMi is observed in Lindqvist et al. (2000), seeFig. 6.6(b). The major onlusion that an be taken from these both diagramsis that most SiS moleules are formed in the photospheres of the stars beausethe line intensity is highest losest to the star and then falls o�. In Lindqvist42



et al. (2000) is the brightness temperature just dereasing in a similar way asthe synthesized lean beam whih will not give so muh information about howthe SiS moleules are distributed in the CSEs of the AGB stars. It is insteadmore interesting to study the SiS line emission intensity in Fig. 6.6(a) whih islearly resolved. A broader halo of emission from 6" and outwards an be seenin this �gure. These �gures are not giving any lear indiation of an existingompat omponent in the stars but modelling of these data and future similarinterferometri observations an investigate that.6.5.2 Variation of lines with the luminosity of the starThe high χ2
red might also be explained by the low intensity in the J = 6-5 linefor some of the stars. Aording to the model emission from the J = 6-5 lineshould be stronger than the J = 5-4 line (for the same telesope), not equalor weaker than what is observed in many of the stars. This will ause a bad�t between the modelled and observed lines. The results from table 5.2 is alsosupporting this. Even when the stars luminosity is set to zero and the dust istaken away is the intensities for the J = 6-5 line still muh stronger than the5-4 line, whih is not agreeing with the observations.A natural explanation would be time variation in the line intensities. This isvery interesting to have in mind when reading about the results that have beenpublished by Carlström et al. (1990). They have in this artile been observinga time variation in the line intensities and line pro�les of the J = 6-5 and J= 5-4 lines that is orrelated with the IR-�ux in the K-band for the arbonstar CW Leo, see Fig. 6.7. It an there be seen that the I(SiS)/I(HC3N) ratiofor J = 5-4 is dereasing and inreasing for J = 6-5 when the K magnitude isdereasing. This means that both the emission lines are varying with the starsvariability period and that they do it in opposite ways. This might explain thestronger J = 6-5 lines. They were maybe observed at their maximum while theJ = 5-4 lines were observed at their minimum. These variations are so largethat they would be able to explain the high χ2

red-values, beause they were notinluded in the model. They will however not a�et the results so muh sothat the di�erene between the M-type stars and arbon stars and the variationwith the mass loss rate ould be explained. Aording to estimates will the lineintensity variations not a�et the SiS abundanes with more than 50 %. Thisphenomena has so far just been studied in one stars lower rotational transitionsso it is still to early know how muh similar proesses might in�uene the results.Further observations have to be made on additional stars and on more andhigher rotational transitions to take any ertain onlusions. One hypothesisthat is presented in Cherhne�'s artile to explain the time variations in theline intensities is that is ourring line overlapping from another moleule thanSiS that is a�eting the SiS emission lines.
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(b) The estimated SiO abundanes fromGonzales Delgadoet al.(2003) and Shöier et al. (2006).Figure 6.2: A omparison between the estimated SiS and SiO abun-danes for the same sample of stars.
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(a) The S TE abundane versus C/=O ra-tio (urve labels) and stellar radius.
(b) The Si TE abundane versus C/=O ra-tio (urve labels) and stellar radius.Figure 6.3: The estimated Si and S abundanes from the hemialmodels in Cherhne� et al. (2006)

Figure 6.4: The SiS TE abundane versus C/=O ratio (urve labels)and stellar radius, Cherhne� et al.(2006)45
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(a) Carbon stars data.
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(b) M-type stars data.Figure 6.5: A post ondensation funtion that is �tted to the arbonstars and m-type stars data.
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(a) Brightness temperature of SiS emissionas a funtion of radial distane for the starCW Leo. The dashed urve shows the ra-dial pro�le of the synthesized lean beam.Taken from Bieging and Tafalla, (1993)

(b) The radial brightness pro�le of SiS (J= 5-4) (solid line) and HC3N (J = 10-9)(dashed line) emission of the star RW LMi.Taken from Lindqvist et al. (2000)Figure 6.6: Results from interferometri observations of SiS emissionof the two stars CW Leo and RW LMi. These results are taken fromBieging and Tafalla, (1993) and Lindqvist et al. (2000).
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Figure 6.7: The orrelation between the IR-intensity, line shape andrelative intensity for the rotational transitions J = 6-5 and J = 5-4,Carlström et al.(1990)
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Chapter 7ConlusionsThe two major goals with this diploma thesis have been to estimate aurateirumstellar SiS abundanes in AGB stars and too look for possible orrelationswith stellar parameters suh as mass loss rate and photospheri C/O-ratio. 34AGB stars have been observed by three radio telesopes; JCMT, APEX andthe Onsala 20 m telesope. SiS was deteted in 17 of them, in 9 arbon starsand 8 M-type stars. A detailed Monte Carlo radiative transfer ode was used toderive reliable SiS abundanes from the observations. The results show that theSiS abundanes is about a fator of ten higher in arbon stars than in M-typestars. The median value of the SiS frational abundane for the arbon stars was2.5.10−6 and for the M-type stars 2.1.10−7, the unertainty for an individualobjet is estimated to be at most a fator of 3-5 depending on the mass loss rate.The SiS abundane in arbon stars is agreeing rather well with preditions fromreent hemial models. However, there are disrepanies for the SiS abundanein M-type stars where theory predits signi�antly lower values than what isobserved.A rather strong orrelation was found for the arbon stars, between theSiS abundane and the mass loss rate. These results, like those of SiO in asimilar study, are showing a tendeny for the moleules to ondense onto dustgrains at higher mass loss rates in the outer parts in the AGB star's CSEs. Thismeans that these moleules are inorporated to some degree into dust grains andmay be proteted from dissoiation as they leave the stars. This opens up thepossibility that they an be distributed into the interstellar medium. A similarorrelation is found for the M-type stars if soures with known peuliarities intheir CSE are negleted. The inlusion of a broader sample of objets mightimprove the orrelation for both the arbon and M-type stars.Additional interferometri observations is needed to learn more about thespatial distribution of the SiS moleules in the CSE envelope of the AGB stars.This would also give diret information about if there is a ompat omponentof SiS in them or not. A lot of hallenging work with developing and re�ningthe hemial models is left to be done in the future in order to make them morereliable for omparison with the observations. Also both the radiative transferand hemial models need to be adjusted and hanged so that they an inludeinhomogeneities like lumps and ompat omponents in their desription of theCSEs. Further studies of how the SiS lines from AGB stars are varying withtheir IR-intensity would also be very interesting to do.49
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Appendix ARedued spetra



(a) CWLeo, SiS(5-4), 0.8 km/s (b) RWLMi, SiS(5-4), 3.3 km/s

() VCyg, SiS(5-4), 1.0 km/s (d) V384Per, SiS(5-4), 1.2 km/s

(e) LPAnd, SiS(5-4), 1.0 km/sFigure A.1: OSO, arbon stars



(a) CWLeo, SiS(20-19), 1.0 km/s (b) IRAS15082, SiS(19-18), 1.7km/s

() IRAS15195, SiS(20-19), 1.7km/s (d) RVAqr, SiS(19-18), 1.7 km/s

(e) V821Her,SiS(20-19), 1.2 km/sFigure A.2: APEX, arbon stars



(a) GXMon, SiS(5-4), 6.6 km/s (b) GXMon, SiS(6-5), 6.9 km/s

() IKTau ,SiS(6-5), 5.5 km/s (d) IRC50137, SiS(6-5), 4.1 km/s

(e) TXCam, SiS(6-5), 5.5 km/s (f) WXPs, SiS(5-4), 6.6 km/s

(g) WXPs, SiS(6-5), 4.1 km/sFigure A.3: OSO, M-type stars



(a) GXMon, SiS(12-11), 2.1 km/s (b) IKTau, SiS(12-11), 1.4 km/s

() IkTau, SiS(19-18), 1.7 km/s (d) IRC10529, SiS(12-11), 2.3km/s

(e) IRC40004, SiS(12-11), 2.3 km/s (f) IRC50137, SiS(12-11), 2.3km/s

(g) RCas, SiS(19-18), 1.7 km/s (h) TXCam, SiS(12-11), 2.1 km/sFigure A.4: JCMT, M-type stars



Figure A.5: ontinuation of JCMT, M-type stars: WXPs, SiS(12-11),2.1 km/s

(a) IRC10529, SiS(19-18), 1.3km/s (b) WXPs,SiS(19-18), 1.3 km/sFigure A.6: APEX, M-type stars



Appendix BThe proposal to the APEXtelesope


