UNIVERSITY OF OKLAHOMA GRADUATE COLLEGE

NON-LOCAL THERMODYNAMIC EQUILIBRIUM SPECTRUM SYNTHESIS OF TYPE Ia SUPERNOVAE

A DISSERTATION SUBMITTED TO THE GRADUATE FACULTY in partial fulfillment of the requirements for the degree of DOCTOR OF PHILOSOPHY

By PETER E. NUGENT Norman, Oklahoma 1997

NON-LOCAL THERMODYNAMIC EQUILIBRIUM SPECTRUM SYNTHESIS OF TYPE Ia SUPERNOVAE

A DISSERTATION APPROVED FOR THE DEPARTMENT OF PHYSICS AND ASTRONOMY

BY

Edward Baron (Chair)

David Branch

John Cowan

William Romanishin

Susan Postawko

© Copyright by Peter Nugent 1997 All Rights Reserved.

Contents

1 Introduction 1 1.1 NLTE Spectrum Synthesis and SNe Ia . . . . . . . . . . . . . . . . . 1 1.2 Phoenix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 SNe Ia 1992A and 1981B 4 2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.3 Description of the Models . . . . . . . . . . . . . . . . . . . . . . . . 5 2.4 Comparison to Other Work . . . . . . . . . . . . . . . . . . . . . . . 6 2.5 Model Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 2.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Physics and the Hubble Constant 17 3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.3 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3.4 Hydrodynamical Models . . . . . . . . . . . . . . . . . . . . . . . . . 20 3.5 Spectrum Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4 A Spectroscopic Sequence Among SNe Ia 26 4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 4.3 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 4.4 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 4.5 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . 37

5 Hydrodynamic Models of SNe Ia 41 5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 5.3 Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 5.4.1 Model W7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 5.4.2 Sub-Chandrasekhar Models . . . . . . . . . . . . . . . . . . . 50 5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6 NLTE vs. LTE 65 6.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 6.2 Differences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 6.3 Line Identifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

A γ-ray Transport in Type Ia Supernovae 83

B α — The Thermalization Parameter 89

List of Tables

2.1 The parameters used to fit SN 1992A and 1981B with the resulting absolute magnitudes and colors. . . . . . . . . . . . . . . . . . . . . . 12

4.1 Observed R(Si II) and R(Ca II). . . . . . . . . . . . . . . . . . . . . 30 4.2 Synthetic R(Si II) and R(Ca II). . . . . . . . . . . . . . . . . . . . . . 36

5.1 Magnitudes and Colors of W7 Models. M_{Bol}, M_B, and M_V are the bolometric, B and V absolute magnitudes of the models respectively. B − V and U − B are the associated colors. . . . . . . . . . . . . . . 46 5.2 Magnitudes and Colors of the Sub-Chandrasekhar Models. M_{Bol}, M_B, and M_V are the bolometric, B and V absolute magnitudes of the models respectively. B − V and U − B are the associated colors. . . . 54 5.3 4 Most Abundant Species for Each Model at 20 Days After Explosion.

The relative concentrations by number of the four most abundant species (in parts per million) for a particular zone (labeled by its velocity). The models W7, WW2, and LA4 have η = 1.0, 1.1, 1.4, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6.1 Magnitudes for the NLTE and LTE models. . . . . . . . . . . . . . . 66

B.1 The color and magnitude differences for a set of models with different values of α. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

List of Figures

2.1 Observed and synthetic spectra of SN 1992A. . . . . . . . . . . . . . 10 2.2 Observed and synthetic spectra of SN 1981B. . . . . . . . . . . . . . 11 2.3 Two synthetic spectra with differing density profiles. . . . . . . . . . 13

3.1 The luminosity of Type Ia supernovae as a function of rise-time. . . . 23

4.1 A plot of the synthetic (left) and observed (right) spectral sequences. 29 4.2 Observed M_B vs. R(Si II) and R(Ca II). . . . . . . . . . . . . . . . . 31 4.3 Photometry in U, B, V , R and I for the synthetic spectra. . . . . . . 33 4.4 The colors for the synthetic spectra. . . . . . . . . . . . . . . . . . . 38 4.5 √ κ_{RM} for all the models at two different values of τ . . . . . . . . . . 39

5.1 The synthetic spectrum for the W7 model at 20 d past explosion . . . 47 5.2 The W7 model at 23 d (η = 1.3) compared with an observed spectrum of SN 1992A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 5.3 The time evolution of the W7 model near maximum light . . . . . . . 51 5.4 Model WW2 15 d after explosion for three choices of η. . . . . . . . . 52 5.5 Model LA4 15 d after explosion for three choices of η. . . . . . . . . . 53 5.6 The Sobolev optical depths of the helium lines . . . . . . . . . . . . . 55 5.7 The Sobolev optical depths throughout the atmosphere of Model WW2 57 5.8 The synthetic spectra of WW2 (η = 1.1) and LA4 (η = 1.5) at 20 d compared with the observed spectrum of SN 1994D . . . . . . . . . . 58 5.9 The synthetic spectra of WW2 (η = 1.1) and LA4 (η = 1.5) at 20 d compared with the observed spectrum of SN 1991bg . . . . . . . . . . 59 5.10 The density and temperature profiles for WW2 and W7 . . . . . . . . 63 5.11 The Sobolev optical depth of the Co II^1D −^3 G^o λ2605.2 line . . . . 64

6.1 A comparison of LTE and NLTE spectra. . . . . . . . . . . . . . . . 67 6.2 The percentage difference in temperature between the NLTE and LTE spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 6.3 The b_i’s for the NLTE model. . . . . . . . . . . . . . . . . . . . . . . 70 6.4 The Sobolev optical depths for O Iand C Ithroughout the line forming region in the atmosphere. . . . . . . . . . . . . . . . . . . . . . . . . 72

6.5 The Sobolev optical depths for Na Iand Mg IIthroughout the line forming region in the atmosphere. . . . . . . . . . . . . . . . . . . . 73 6.6 The Sobolev optical depths for Si IIand S IIthroughout the line forming region in the atmosphere. . . . . . . . . . . . . . . . . . . . . . . 74 6.7 The Sobolev optical depths for Ca IIand Ti IIthroughout the line forming region in the atmosphere. . . . . . . . . . . . . . . . . . . . 75 6.8 The Sobolev optical depths for Fe IIand Co IIthroughout the line forming region in the atmosphere. . . . . . . . . . . . . . . . . . . . 76

A.1 Geometric lay-out for the γ-ray deposition calculation. . . . . . . . . 85 A.2 Geometric lay-out for the analytic γ-ray deposition function. . . . . . 86 A.3 A Graph of the semi-analytic deposition function vs. the numerical absorption calculation. . . . . . . . . . . . . . . . . . . . . . . . . . . 87 A.4 The 20 day deposition functions of models W7, WW2 and LA4. . . . 88

B.1 ϵ as a function of wavelength for W7 at 20 days after explosion. . . . 94 B.2 A good fit to the spectrum of SN 1992A for α = 0.1. . . . . . . . . . 95 B.3 Unacceptable fits to the spectrum of SN 1992A for α = 0.01 and 0.3. 96 B.4 The synthetic spectrum for the W7 model at 23 d past explosion . . . 97