MID-IR OBSERVATIONS AND MODELING OF ASTROPHYSICAL DUST

AGB CIRCUMSTELLAR ENVELOPES AND ICM DUST

Thesis submitted for the degree of “Doctor Philosophiæ”

CANDIDATE SUPERVISORS Massimo Marengo Professor D.W. Sciama Dr. G.G. Fazio

CO-SUPERVISOR Professor J.C. Miller

International School for Advanced Studies SISSA–ISAS

Harvard-Smithsonian Center for Astrophysics

June 2000

To Mayli iv

Acknowledgments

Writing a thesis is just the last, hectic, step of a long journey. For me, that journey started at the end of a bright october day, when I was stunned by the most incredible sunset on the gulf of Trieste, and by the news that I was admitted to graduate school in SISSA. Many years have passed since then. As I look back, I see all the fond memories of the many persons that shared this journey with me. To all of them I am indebted.

Among all, the fondest memory goes to Dennis Sciama. Entering in contact with his rich personality, in the very moment when I was doing my first steps as a scientist, was a true privilege. He rescued me when I was lost, unable to decide between the many paths to follow. He supported me when I took the route across the ocean that lead me to CfA. He gave me a much broader vision of my work, showing how physics is a whole and that a true comprehension of astrophysical phenomena only comes by a careful analysis of both theory and observations. Since he left all of us, he is deeply missed, both as a mentor and a friend.

With him I want to thank all the wonderful people I met in Trieste. John Miller, always available for all of us, students at SISSA, and who kindly offered to be my thesis co-advisor after Dennis left us. All the people of the staff, who provided the most enjoyable working environment I had ever experienced. The people in the computational facility, who introduced me to the cult of Linux and to the job of system administrator. My fellow students and friends at the ICTP, with whom I shared so many special moments. And finally the other people that make Trieste a special place: the family of Mitú, who used to run the Hostel down the sea, and the community of cavers (especially the “Gruppo Triestino Speleologi”) who introduced me to the misteries of the underworld and to the Gran Pampel.

I am also indebted to all the people at the Harvard-Smithsonian Center for Astrophysics. Giovanni Fazio welcomed me as his student, as a Smithsonian Predoctoral fellow at the CfA. During my stay at the CfA, he was always available for support, guiding me with the right advise and a clear insight on the direction to take. With him I want to thank the other people in the MIRAC collaboration, among them Joe Hora and William Hoffman, from which I learned so much on infrared astronomy. And Margarita Karovska, who offered me the possibility to stay at the CfA after my graduation, and was very helpful in the revision of this manuscript.

Before starting my Ph.D. in Trieste, I graduated at the University of Torino, with Professor Giovanni Silvestro. He introduced me to astronomy;

I want to thank him for that, and for being my friend ever since. When I left Torino to go to Trieste, and then to CfA, I maintained strong collaborations with the University and the Observatory of Torino, and with the Institute of Space Astrophysics of the CNR in Rome. Much of the work in this thesis is the product of this collaboration. I am very indebted to all the people who made this possible, and especially to Maurizio Busso, who has been, and still is, a central figure in my scientific life.

During the many years of this thesis work, I have been observing at many telescopes around the world. There, I have met many wonderful people always eager to help and support my work, doing miracles in sometime seemingly prohibitive conditions. To all of them, at the TIRGO, Asiago, Loiano, Mt. Hopkins and IRTF telescopes, go all my thanks for their hospitality. And to the people at the “Service d’Astrophysique” at CEA near Paris, where I spent a few weeks learning how to reduce TIRGO data and did my first scuba immersion.

Of the many other people with whom I collaborated during this work, I want to especially thank Avery Meiksin and Željko Ivezić. From Avery I learned how to do my first serious numerical simulation. Without Željko, and his insights in radiative transfer modeling, a central part of my thesis would have not been possible. I am grateful to both of them, for their availability, their advise and their ideas when I most needed them.

Finally, I want to thank my family. My parents did not have the slightest idea of what an astrophysicist would do. They thought that astronomers stay late at night on their chairs contemplating the stars in the sky. They never imagined that I would end up traveling the world in a single year more than they have in their entire life. Nevertheless they always supported me unconditionally, knowing that I had to do what I felt was my way in this world. I could not have asked more.

At the end of this journey, there is a special person to which this thesis is dedicated. Mayli, my wife, who in the short span of a weekend completely changed my life. Without her, I would not have come to Boston, “adopted” a platypus, and this work would have been left incomplete. She brought serenity and equilibrium to my life, making it whole.

Abstract

Astrophysical dust plays a major role in stellar formation and evolution, and in the chemical enrichment of the Galaxy. However, the processes which lead to its formation in the circumstellar environment of evolved stars, and describe its interactions with the Interstellar Medium, are largely unknown. Mid-IR observations, combined with radiative transfer modeling aimed to derive the dust physical parameters from its thermal emission, are our best tool to investigate the physics of dust in many astrophysical contexts.

In this thesis, I first analyze the current status of mid-IR observations of circumstellar envelopes around Asymptotic Giant Branch (AGB) stars. I then propose a new set of tools, based on the photometric system available in mid-IR imaging cameras, aimed to derive the chemical and evolutionary status of the envelopes from their mid-IR colors. A large sample of sources, observed in the IR and radio, is used to test the effectiveness of the proposed tools, and to derive the correlations between mid-IR colors and mass loss rates in the AGB.

Next, I explore the connections between the pulsational characteristics of Long Period Variables of Mira, Semiregular and Irregular type, with the temporal modulation of their mass loss rates. The mid-IR emission of a large sample of AGB variables is studied, with the aid of spherically symmetric radiative transfer models of circumstellar dust in local thermodynamical equilibrium. This technique allows to analyze the thermal structure of the envelopes, and the timescales of their dust production. A deficiency of hot dust in the majority of Semiregular variables is found, suggesting the frequent occurrence of circumstellar dust shell detachment in these sources, and a different efficiency of the mass loss processes between the Mira and the Semiregular class.

I then study a sample of 46 AGB and post-AGB sources, by analyzing the images I have collected with several mid-IR cameras. The photometry of the envelopes is used to determine their chemical and evolutionary status. The spatial distribution of the dust and the envelope symmetry is measured from the collected data. These observations show how sub-arcsecond resolution can be obtained with ground-based mid-IR imaging, by using a special technique here described.

MIRAC images of the Young Stellar Object AFGL 2591 at 11.7, 12.5 and 18.0 μm are also presented. I discuss the discovery of a previously unknown dust ejection episode, associated to the molecular outflow of the source. By measuring the photometry of the object, the total mass of the ejection (∼0.1 M_⊙) is derived.

Finally, I present a new numerical code, able to compute the stochastic temperature distribution of dust surviving in a hot astrophysical plasma. Applications of this code, which has been parallelized to increase the computational efficiency with multi-processor computer clusters, are discussed. A particular emphasis is given on dust in the intracluster medium of cluster of galaxies, and the consequences of its dust emission on the Sunyaev-Zel’dovich effect.

Contents

1 Introduction 1 1.1 Dark regions of the sky . . . . . . . . . . . . . . . . . . . . . 1 1.2 Dust grains in the galaxy and beyond . . . . . . . . . . . . . 3 1.2.1 Dust metamorphosis in the galaxy . . . . . . . . . . . 4 1.2.2 Interstellar dust . . . . . . . . . . . . . . . . . . . . . 5 1.2.3 Circumstellar dust . . . . . . . . . . . . . . . . . . . . 7 1.2.4 Extragalactic dust . . . . . . . . . . . . . . . . . . . . 9

2 Theoretical basis: dust, radiation and matter interactions 15 2.1 Radiative transfer in a dusty medium . . . . . . . . . . . . . 15 2.1.1 Spectral intensities and flux units . . . . . . . . . . . . 16 2.1.2 The general equation of radiative transfer . . . . . . . 17 2.1.3 The source function for a dusty medium . . . . . . . . 18 2.1.4 Dust in local thermodynamical equilibrium . . . . . . 20 2.1.5 Scaling properties of radiative transfer . . . . . . . . . 20 2.1.6 Solution for the spherically symmetric case . . . . . . 22 2.2 Interaction between dust and radiation . . . . . . . . . . . . . 25 2.2.1 The refractive index of solids . . . . . . . . . . . . . . 25 2.2.2 Mie Theory . . . . . . . . . . . . . . . . . . . . . . . . 28 2.2.3 Kramers-Kronig dispersion relations . . . . . . . . . . 29 2.2.4 Experimental determination of dust opacities . . . . . 30 2.3 Interaction between dust and matter . . . . . . . . . . . . . . 32 2.3.1 Grain charging . . . . . . . . . . . . . . . . . . . . . . 33 2.3.2 Grain dynamics . . . . . . . . . . . . . . . . . . . . . . 34 2.3.3 Grain destruction . . . . . . . . . . . . . . . . . . . . . 34 2.3.4 Grain thermodynamics . . . . . . . . . . . . . . . . . . 36

3 Tools for mid-IR analysis of AGB dust 39 3.1 Asymptotic Giant Branch Stars . . . . . . . . . . . . . . . . . 40

3.1.1 Evolution of low and intermediate mass stars . . . . . 41 3.1.2 The Early-AGB phase . . . . . . . . . . . . . . . . . . 42 3.1.3 The TP-AGB phase and the third dredge-up . . . . . 43 3.1.4 The AGB mass loss . . . . . . . . . . . . . . . . . . . 45 3.1.5 The post-AGB phase, and beyond . . . . . . . . . . . 47 3.2 Modeling the mid-IR spectra of AGB envelopes . . . . . . . . 48 3.2.1 Opacities for AGB circumstellar dust . . . . . . . . . . 49 3.2.2 Model spectra for the central AGB star . . . . . . . . 52 3.2.3 Model parameter space . . . . . . . . . . . . . . . . . 54 3.3 Mid-IR colors of AGB dusty envelopes . . . . . . . . . . . . . 55 3.3.1 A mid-IR photometric systems . . . . . . . . . . . . . 56 3.3.2 A test sample of AGB sources . . . . . . . . . . . . . . 58 3.3.3 The silicate feature color color diagram . . . . . . . . 62 3.3.4 The SiC color color diagram . . . . . . . . . . . . . . . 63 3.3.5 Mid-IR colors and mass loss rates . . . . . . . . . . . . 65

4 AGB mass loss and stellar variability 69 4.1 Long Period Variability in the AGB phase . . . . . . . . . . . 69 4.1.1 Types of Long Period Variability . . . . . . . . . . . . 70 4.1.2 Pulsation modes in Miras and SRs . . . . . . . . . . . 72 4.2 A sample of Mira, Semiregular and Irregular variables . . . . 73 4.2.1 Characterization of KH sample . . . . . . . . . . . . . 74 4.2.2 Mid-IR colors and variability . . . . . . . . . . . . . . 76 4.2.3 Variability and the main silicate feature . . . . . . . . 79 4.3 Modeling the mid-IR spectra . . . . . . . . . . . . . . . . . . 83 4.3.1 Model parameter space . . . . . . . . . . . . . . . . . 84 4.3.2 Fitting technique . . . . . . . . . . . . . . . . . . . . . 86 4.3.3 Fit results . . . . . . . . . . . . . . . . . . . . . . . . . 87 4.4 Correlation between mass loss rate and shell temperature . . 89 4.4.1 Distribution of envelope optical depths . . . . . . . . . 90 4.4.2 Distribution of inner shell temperatures . . . . . . . . 91 4.4.3 Distribution of mass loss rates . . . . . . . . . . . . . 96 4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5 Mid-IR observations of circumstellar dust 103 5.1 Imaging with mid-IR cameras . . . . . . . . . . . . . . . . . . 104 5.1.1 Observations in background-limited conditions . . . . 105 5.1.2 S/N ratio in background limited conditions . . . . . . 107 5.1.3 Point Spread Function in the mid-IR . . . . . . . . . . 108 5.2 Reduction of Mid-IR images . . . . . . . . . . . . . . . . . . . 110

5.2.1 Masking bad pixels . . . . . . . . . . . . . . . . . . . . 111 5.2.2 Flat field correction . . . . . . . . . . . . . . . . . . . 113 5.2.3 Recentering and coadding individual frames . . . . . . 114 5.2.4 Photometric calibration . . . . . . . . . . . . . . . . . 117 5.2.5 Deconvolution techniques . . . . . . . . . . . . . . . . 119 5.3 Mid-IR colors of AGB circumstellar envelopes . . . . . . . . . 120 5.3.1 The cameras TIRCAM and CAMIRAS . . . . . . . . 120 5.3.2 Observations . . . . . . . . . . . . . . . . . . . . . . . 121 5.3.3 Mid-IR colors and mass loss . . . . . . . . . . . . . . . 124 5.3.4 One example of extended source: WX Psc . . . . . . . 127 5.4 MIRAC imaging of extended AGB envelopes . . . . . . . . . 130 5.4.1 The camera MIRAC3 at IRTF . . . . . . . . . . . . . 131 5.4.2 Characterizing a sample of extended AGB sources . . 132 5.4.3 Observing technique . . . . . . . . . . . . . . . . . . . 134 5.4.4 Observed sources . . . . . . . . . . . . . . . . . . . . . 135 5.4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 140 5.4.6 Images of individual sources . . . . . . . . . . . . . . . 141 5.4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 143 5.5 AFGL 2591: detection of dust ejection in a massive YSO . . 156 5.5.1 Outflows in Young Stellar Objects . . . . . . . . . . . 156 5.5.2 Observations and data reduction . . . . . . . . . . . . 157 5.5.3 Results and discussion . . . . . . . . . . . . . . . . . . 157

6 Models of ICM dust 165 6.1 Characteristics of ICM dust . . . . . . . . . . . . . . . . . . . 165 6.1.1 The Coma Cluster of Galaxies . . . . . . . . . . . . . 166 6.1.2 The ICM gas . . . . . . . . . . . . . . . . . . . . . . . 167 6.1.3 Size and spatial distribution of the grains . . . . . . . 168 6.1.4 Dust properties . . . . . . . . . . . . . . . . . . . . . . 170 6.2 Temperature distribution . . . . . . . . . . . . . . . . . . . . 171 6.2.1 Equilibrium temperature . . . . . . . . . . . . . . . . 172 6.2.2 Stochastic heating . . . . . . . . . . . . . . . . . . . . 173 6.2.3 Numerical approach . . . . . . . . . . . . . . . . . . . 175 6.2.4 Modeling results . . . . . . . . . . . . . . . . . . . . . 177 6.3 Possible applications . . . . . . . . . . . . . . . . . . . . . . . 180 xii CONTENTS

List of Figures

1.1 The Horsehead Nebula . . . . . . . . . . . . . . . . . . . . . . 2 1.2 Life-cycle of galactic dust . . . . . . . . . . . . . . . . . . . . 4 1.3 DSS image of Abell cluster 262 . . . . . . . . . . . . . . . . . 10 1.4 IRAS scan of Abell cluster 262 at 100 μm. . . . . . . . . . . . 12

2.1 Spherically symmetric geometry . . . . . . . . . . . . . . . . . 23 2.2 Complex dielectric constant . . . . . . . . . . . . . . . . . . . 27 2.3 Sputtering rates . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1 AGB in the M3 HR diagram . . . . . . . . . . . . . . . . . . 41 3.2 Model evolutionary tracks on the HR diagram . . . . . . . . . 43 3.3 Thermal pulses and third dredge-up . . . . . . . . . . . . . . 45 3.4 Main components of an AGB system . . . . . . . . . . . . . . 46 3.5 AGB dust absorption coefficient . . . . . . . . . . . . . . . . . 50 3.6 Engelke function with SiO absorption . . . . . . . . . . . . . 53 3.7 Atmospheric transparency in the mid-IR . . . . . . . . . . . . 57 3.8 IRAS color-color diagram of test sample . . . . . . . . . . . . 60 3.9 Silicate color diagram of test sample . . . . . . . . . . . . . . 61 3.10 Silicate color diagram of radiative transfer models . . . . . . 62 3.11 SiC color diagram of test sample . . . . . . . . . . . . . . . . 64 3.12 SiC color diagram of radiative transfer models . . . . . . . . . 65 3.13 Mass loss and infrared excess of test sample . . . . . . . . . . 66

4.1 Light-curve of Mira . . . . . . . . . . . . . . . . . . . . . . . . 72 4.2 IRAS color diagram of KH sample . . . . . . . . . . . . . . . 74 4.3 Silicate color diagram of KH sample . . . . . . . . . . . . . . 76 4.4 Dust continuum color diagram of KH sample . . . . . . . . . 77 4.5 Histogram of 18μm color excess of KH sources . . . . . . . . 78 4.6 Histogram 10 μm silicate feature peak of KH sources . . . . . 80 4.7 Silicate feature peak position for a sequence of models . . . . 82

4.8 Color color diagram of Engelke KH models . . . . . . . . . . 84 4.9 Color color diagram of black body KH models . . . . . . . . . 85 4.10 Self test for model fitting procedure . . . . . . . . . . . . . . 87 4.11 Examples of best fit models . . . . . . . . . . . . . . . . . . . 88 4.12 Histogram of τ_V distribution for KH sources . . . . . . . . . . 90 4.13 Best fit parameters of KH sources . . . . . . . . . . . . . . . . 93 4.14 Inner shell temperature distribution for KH sources . . . . . . 94 4.15 Best fit mass loss distribution for KH sources . . . . . . . . . 97

5.1 Beam switching technique . . . . . . . . . . . . . . . . . . . . 106 5.2 Derivation of a bad pixel mask map . . . . . . . . . . . . . . 111 5.3 Screenshot of xmask ima procedure . . . . . . . . . . . . . . . 112 5.4 Derivation of a flat field frame . . . . . . . . . . . . . . . . . . 113 5.5 Screenshot of the xcenter ima procedure . . . . . . . . . . . 115 5.6 Recentering and coadding of a chop-nod observation . . . . . 116 5.7 Screenshot of the xphot ima program . . . . . . . . . . . . . 118 5.8 Mid-IR color diagrams of TIRCAM/CAMIRAS sources . . . 124 5.9 Mass loss and IR excess of TIRCAM/CAMIRAS sources . . . 125 5.10 18 μm image of WX Psc. . . . . . . . . . . . . . . . . . . . . 128 5.11 IRTF simulated images for MIRAC3 AGB observations . . . 132 5.12 Standard frame time and MIRAC3 fast mode comparison . . 133 5.13 BI Cyg at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . . . 144 5.14 IRC+40540 at 12.5 μm . . . . . . . . . . . . . . . . . . . . . . 145 5.15 IRC+40540 at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . 146 5.16 IRC+20370 at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . 147 5.17 R Aqr at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . . . . 148 5.18 R Cas at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . . . . 149 5.19 TX Cam at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . . 150 5.20 V1302 Aql at 11.7 μm . . . . . . . . . . . . . . . . . . . . . . 151 5.21 V1302 Aql at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . 152 5.22 o Cet at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . . . . 153 5.23 W Hya at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . . . 154 5.24 W Aql at 18.0 μm . . . . . . . . . . . . . . . . . . . . . . . . 155 5.25 Structure of AFGL 2591 . . . . . . . . . . . . . . . . . . . . . 158 5.26 AFGL 2591 at 11.7 μm . . . . . . . . . . . . . . . . . . . . . 159 5.27 AFGL 2591 at 12.5 μm . . . . . . . . . . . . . . . . . . . . . 160 5.28 AFGL 2591 at 18.0 μm . . . . . . . . . . . . . . . . . . . . . 161 5.29 LRS and best fit model of AFGL 2591 . . . . . . . . . . . . . 162

6.1 Coma Cluster gas density and temperature profile . . . . . . 167

6.2 Schematic size distribution profile of Coma cluster dust . . . 169 6.3 Planck averaged absorption efficiency for small grains . . . . 171 6.4 Equilibrium temperature for ICM dust . . . . . . . . . . . . . 173 6.5 Temperature oscillations of a dust grain . . . . . . . . . . . . 174 6.6 Final grain temperature as a function of collision energy . . . 177 6.7 Stochastic temperature distribution of silicate grains . . . . . 179 6.8 Stochastic temperature distribution of graphite grains . . . . 180 xvi LIST OF FIGURES

List of Tables

1.1 Total galactic stellar mass loss. . . . . . . . . . . . . . . . . . 7

3.1 IRAS color-color diagram regions . . . . . . . . . . . . . . . . 59

4.1 [12.5]−[18.0] color excess. . . . . . . . . . . . . . . . . . . . . 79 4.2 Silicate peak position for KH sources. . . . . . . . . . . . . . 81 4.3 Sources which cannot be fitted with χ^2 better than 3, 5 and 10. 89 4.4 Distribution of best fit τ_V for KH sources. . . . . . . . . . . . 91 4.5 KH sources distribution in τ_V vs. T_1 diagram. . . . . . . . . . 93 4.6 Distribution of best fit T_1 for KH sources. . . . . . . . . . . . 95 4.7 Distribution of best fit log_{10}(Ṁ/1M_⊙yr^{−1}) for KH sources. . 98

5.1 TIRCAM/CAMIRAS AGB sources . . . . . . . . . . . . . . 121 5.2 Photometry of TIRCAM sources . . . . . . . . . . . . . . . . 122 5.3 Photometry of CAMIRAS sources and standards . . . . . . . 123 5.4 Physical parameters of TIRCAM/CAMIRAS AGB sources . 126 5.5 List of MIRAC3 sources . . . . . . . . . . . . . . . . . . . . . 136 5.6 Photometry of MIRAC3 sources . . . . . . . . . . . . . . . . 137 5.7 FWHM of MIRAC3 sources, references and deconvolutions. . 138 5.8 Photometry of AFGL 2591 . . . . . . . . . . . . . . . . . . . 158

6.1 Dust equilibrium temperature for Coma cluster. . . . . . . . . 178 xviii LIST OF TABLES