Universiteit

4 Leiden
The Netherlands

Exploring the interactions of M dwarf winds and cosmic rays
Mesquita, A.L.

Citation
Mesquita, A. L. (2022, October 25). Exploring the interactions of M dwarf winds and
cosmic rays. Retrieved from https://hdl.handle.net/1887/3484534

Version: Publisher's Version

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/3484534

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3484534

Exploring the interactions of M dwarf winds
and cosmic rays

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op dinsdag 25 oktober 2022
klokke 10:00 uur

door

Amanda Lucia Mesquita
geboren te Lavras, Minas Gerais, Brazil

in 1992



Promotor:
Dr. A.A. Vidotto

Co-Promotores:
Dr. D. Rodgers-Lee (Dublin Institute for Advanced Studies)
Prof.dr. I.A.G. Snellen

Promotiecommissie:

Prof.dr. H.J.A. Rottgering

Prof.dr. S. Viti

Prof.dr. Ch. Helling (Austrian Academy of Sciences)

Dr. A.M. Taylor (Deutsches Elektronen-Synchrotron DESY)
Dr. N. van der Marel



Contents

1 Introduction 1
1.1 Habitable zone and exoplanet habitability . . . . ... . ... ... .. 1
1.2 Mdwarfs . . . . . . 4

1.2.1 Magnetic fields and stellar activity . . . . .. .. .. ... ... D

1.2.2  Stellar winds of cool dwarfs . . . . . . . ... ... ... ... 8

1.2.2.1  Techniques to indirectly detect stellar winds . . . . . . 9

1.2.2.2  What drives the wind of M dwarfs? . . . . . . . .. .. 13

1.3 The interaction between the interstellar medium and the stellar wind . 15

1.4 Galactic cosmic rays and stellar wind interaction . . . . . . . . . .. .. 18
1.4.1 Galactic cosmic ray observations at Earth and correlation with

solar activity . . . . ... Lo 19

1.4.2 The Local interstellar spectrum . . . . . .. ... ... ... .. 21

1.4.3 How to infer/detect cosmic rays on other planets . . . . .. .. 23

1.5 Thisthesis . . . . . . . . . . 24

1.6 Outlook . . . . . .. 27

2 Global trends in winds of M dwarf stars 29
2.1 Imtroduction . . . . . . . ... ... 29
2.2 Alfvén-wave driven stellar wind model . . . . . . . . ... .. ... .. 31
2.3 Parametric study of winds of M-dwarfs . . . . . ... ... .. ... .. 34

2.3.1 The structure of the wind . . . . . . ... ... ... .. .... 34

2.3.2 Global trends of M dwarf winds . . . . .. ... ... ...... 36

2.4 Applications of our model . . . . .. ... 42
2.4.1 The extension of the chromosphere in inactive or moderately ac-

tive Mdwarfs . . . . . . . ... 42

2.4.2 The wind of the planet-hosting star GJ 436 . . . . . .. .. .. 43

2.5 DiScussion . . . . . . ... 46
2.5.1 Comparison between the Alfvén-wave driven wind and the Parker

wind models . . . . . . ... ... 46

2.5.2 Different parameters of the model . . . . . . . .. .. ... ... 47

2.5.2.1 Flux tube geometry . . . . .. .. ... ... 48

iii



CONTENTS

2.5.2.2 Thermal properties . . . . . . .. ... ... 50
2.5.2.3 Properties of the waves . . . . .. .. ... ... ... 50
2.6 Conclusions . . . . . . . . . .. 51
Appendices . . . . . 52
2.A Further comparison between our wind models and a Parker wind . . . . 52

3 The Earth-like Galactic cosmic ray intensity in the habitable zone of

the M dwarf GJ 436 55

3.1 Imtroduction . . . . . . . ... 56

3.2 Galactic Cosmic ray propagation . . . . . . .. ... ... ... .. .. 59

3.2.1 Local Interstellar Spectrum (LIS) . . . .. ... ... ... ... 62

3.2.2  Stellar wind parameters . . . . . .. .. ... L. 62

3.2.3 What is the size of the astrosphere of GJ 4367 . . . . .. .. .. 65

3.3 Galactic Cosmic Rays in M dwarf systems . . . . . .. ... ... ... 68

3.3.1 Intensity of cosmic rays as a function of the particle’s kinetic energy 68

3.3.2  Advective and diffusive timescales . . . . . . . ... ... ... 69
3.3.3 The intensity of Galactic cosmic rays in the habitable zone and

at GJ436b . . .. 71

3.4 Discussion . . . . ... e 73

3.5 Conclusions . . . . .. . ... 77

4 Galactic cosmic ray propagation through M dwarf planetary systems 79

4.1 Introduction . . . . . . . .. 80
4.2 The stars in our sample . . . . . .. ..o 82
4.3 The stellar wind environment . . . . . . .. .. ... .. 0L 84
4.3.1 The Alfvén-wave-driven wind simulation . . . . . . . .. .. .. 84
4.3.1.1  Stellar surface magnetic field . . . ... .. ... ... 86

4.3.1.2  The base density of the stellar wind . . . . ... ... 87

4.3.2  Stellar wind density, velocity and magnetic field profiles . . . . . 87
4.3.3 The size of the M dwarf astrospheres . . . . . . . .. ... ... 88

4.4 Cosmic ray transport . . . . . . . . ... 90
4.4.1 Diffusion coefficient . . . . . . . ... 91
4.4.2 Local Interstellar Spectrum (LIS) . . . . ... ... ... .. .. 92

4.5 Galactic cosmic ray fluxes around M dwarfs . . . . . . ... ... ... 93

4.5.1 The flux of Galactic cosmic rays at the habitable zone and at
planetary orbits . . . . .. ... Lo 93
4.5.2 GJ 273b’s surface radiation dose . . . . .. ... 96

v



CHAPTER 0

4.5.3 How are Galactic cosmic rays modulated by the magnetised wind
of M dwarfs? . . . . . . . . ... 96

4.6 Discussion & Conclusions . . . . . . . . . . .o 100

The strong suppression of Galactic cosmic rays reaching AU Micb, c

and Prox Cenb 105
5.1 Imtroduction . . . . . . . . . ... 105
5.2 Modelling Framework . . . . . . .. .. ... oL 108
5.2.1 Stellar wind properties . . . . . . . . .. ... ... 108
5.2.2 The astrosphere size . . . . . . .. ... ... L. 111
5.2.3 Cosmic ray transport equation . . . . . . . . ... ... ... .. 112
5.2.3.1 The diffusion coefficient . . . . . ... ... ... ... 113

5.2.3.2 The particle drift . . . . . . ... ... ... ... ... 114

5.3 Prox Cen: the Galactic cosmic ray fluxes including particle drift effects 115

5.4 AU Mic: the effect of an unconstrained mass-loss rate on Galactic cosmic

ray fluxes . . . .. 117

5.5 Discussion & Conclusions . . . . . . . . . ... ... ... ... 120
Appendices . . . .. 123
5.A Galactic cosmic ray propagation in the solar system . . . . . . ... .. 123
5.B Extrapolation of stellar wind profiles to the edge of the astrosphere . . 125
Bibliography 127
Nederlandse Samenvatting 143
English Summary 147
Publications 151
Curriculum Vitae 153
Acknowledgements 155



CONTENTS

vi



