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Abstract

Stellar bow shocks result from the supersonic collision of stellar winds ejected by
runaway stars and the interstellar medium (ISM). Studying their properties pro-
vides constraints on mass-loss rates, stellar wind velocities and the properties of
the ISM. In this work, we study the formation of bow shocks from stars at the tail
end of the runaway velocity distribution which we refer to as high-velocity runaway
(HVR) stars. We use PLUTO, a magneto-hydrodynamics grid code, to simulate these
bow shocks, performing hydrodynamic simulations in 2- and 3-dimensions, while
including thermal conduction and detailed radiative cooling/heating.

Extensive 3D freely expanding stellar wind models testing the numerics in PLUTO,
e.g., grid geometries, solvers, limiters and convergence with resolution are pre-
sented. Further 2D adiabatic, thermal conduction and radiative cooling models for
runaways moving at v, ~ 40 km/s were conducted, and verified through compari-
son with analytic models and the literature. We then present the main focus of this
work, our results for HVRs with space velocities of 200 km /s and 400 km/s, for stars
in both main-sequence (MS) and red-supergiant (RSG) phases, and moving through
different ISM phases: the hot ionized medium (HIM), H II regions (HII), warm neu-
tral medium (WNM) and cold neutral medium (CNM). We demonstrate that the
star’s evolutionary phase; ISM phase; relative space velocity; thermal conduction
and radiative cooling/heating, all have significant impact on the morphology and
evolution of the bow shocks.

We studied all the HVR bow shock models focusing primarily on the properties
of the reverse shock and the contact discontinuity. We also studied the develop-
ment of instabilities and numerical artifacts. The latter we suggest is mainly due to
the carbuncle phenomenon, while the former are due to the non-linear thin-shell,
Kelvin-Helmholtz and Rayleigh-Taylor instabilities. Furthermore, we discuss re-
sults from comparing 2D and 3D models to determine the effect of dimensionality
on the growth of these instabilities and the carbuncle phenomenon.

This study serves as the foundation of future work in which we will i) investigate
the potential of observing these HVR bow shocks by making multi-wavelength es-
timates using established radiative transfer codes (e.g., TORUS) and producing syn-
thetic images at different wavelengths (e.g., ultraviolet, Ha, infrared and radio), ii)
couple these hydrodynamic models to established stellar evolutionary codes (e.g.,
MESA), and iii) include the effect of magnetic field and stellar rotation.



iii

Acknowledgements

I deeply thank and appreciation my supervisor Assoc. Prof. Shazrene S. Mohamed
of the University of Cape Town (UCT) and the South African Astronomical Obser-
vatory (SAAO) for her advice and assistance from the start to the end of this Thesis.
I'also thank the Council for Scientific and Industrial Research (CSIR) for funding my
MSc studies. I also thank the Centre for high performance computing (CHPC) for
giving us access to their supercomputer (the "Lengau Cluster") for computing all the
numerical models presented in this Thesis. I would also like to thank the SAAQO staff
for all of their support in the interest of the students, such as the writing circles, IT
support and the mentorship programs.



Contents

Declaration of Authorship

Abstract

Acknowledgements

1 Introduction
1.1 Stellar evolution of massivestars . . . . . . . . . . . . ..
1.2 Stellar winds on the evolution of massivestars . . . ... ... ... ..

1.2.1
122

Stellar winds from hotstars . . . . . . . ... . ... ... ....
Stellar winds from cool stars . . . . . . . . . .. ... ... ...

1.3 Interstellar Medium . . . . . ... ... ... ... .. L L.
1.4 The origin of high-velocity runaway (HVR) stars . . . . ... ... ...

1.4.1
1.4.2
1.4.3

Supernova Ejection Scenario (SES) . . . .. .. ... ... .. ..
Dynamical Ejection Scenario (DES) . . . . . ... ... ... ...
Other Ejection Scenarios . . . . . ... ...............
Triple system breakup . . . . ... ... ... .. ... .. L.
Binary-Binary encounter . . . .. ... ... ... 0L

1.5 Stellarwindbowshocks . . . .. .. ... .. .. .. ... .

1.5.1
1.5.2

Observations of stellar wind bow shocks . . . .. .. ... ...
The theory behind stellar wind bow shocks . . . . . . ... ...

1.6 Previous numerical studiesof bowshocks . . . . . ... .. ... .. ..
1.7 Thiswork . . . . . . e
1.8 Outline . . . . . . . . e e

2 Methods

21 Hydrodynamics (HD) . ... .. .. ... .. ... ... .....
2.2 Numericalmethods . . . . . . . . . . . .. ..o

221

222

223

224

Gridcodes . . . . . . . . ...
Grid code advantages . . . ... ... ... ... .. ... ...
Grid code disadvantages . . . ... ................
PLUTOCOAE . . . . i vt it e e e e e e e e e e e
PLUTO code structureand design . . . . .. ............
Flow diagram for the PLUTOcode . . ... .. ..........
Reconstruction . . ... .. .. .. ... ... .. ... ...,
LINEAR reconstruction . . ... ... ... ... .........
Riemannsolver . . . . .. ... .. ... .. ... .. .. ...,
TWO-SHOCK Riemannsolver . .. ... ... ..........
ROE Riemannsolver . . . ... ... ... ... ..........
AUSM+ Riemannsolver . . . . .. ... .. ... .. .......
HLLsolver . ... ... .. . . . .. ..
HLLCsolver. . . . . . . . . . . e e e
TVDLFsolver . . . . .. . . . . . . e

v

ii

iii



Summary of the solver testresults . . . .. ... .........

225 Time-steppingmethod . . . . ... ... ... ... .. ......
Courant Friedrichs Lewy (CFL) condition . ... ... ... ..
Second-order Runge-Kutta (RK2) time-stepping . . . . . . ...

2.3 Additional physics . . ... ... L oo
2.3.1 Radiative cooling and heating . . . . . ... ... ... ......

232 Thermalconduction . ... ....... .. ... .. ......

Stellar wind and interstellar medium parameters
31 Windmodel ... ... ... ... ... ... ... . .. ...
32 ISMmodel . . ... ... .. e

Runaway stars: Comparison with analytic and literature studies

4.1 The effect of cooling, thermal conduction and stellar evolutionary phase
on the bow shock structure . . . .. ... ... .. ... ... .. ...

42 Comparison with the literature . . . . .. ... ... . ... .......

Bow shocks from MS and RSG high-velocity runaways
5.1 Initial and boundary conditions . . . . ... ... ... 0 0L
5.2 Resolution tests for bow shocks arounda MSHVR . . . . . ... .. ..
5.3 Resolution tests for bow shocks around a RSGHVR . . ... ... ...
5.4 Analysis of the HVR MS and RSG test models . . . . ... ... ....
5.5 Discussion of the resolutiontests . . . ... ... .. ... ........
5.5.1 Resolution tests with adiabaticmodels . . . .. ... ... ...
5.5.2 Resolution tests with thermal conduction and/or cooling . . . .
56 Summary . ... ...

HVR bow shocks from different space velocities and ISM phases

6.1 MSand RSGmodelsetup . ... ... ... ... .. ... .. ......

6.2 2D MS and RSG HVR models for different ISM phases and stellar
space velocities . . .. ... ... L L oo
6.2.1 The characteristics of the MS and RSG HVR bow shock structures
6.2.2 The evolution of the MS and RSG HVR bow shock structures
6.2.3 Dynamical and cooling timescales . . . . ... ... ... ....

6.3 Comparing2Dand3Dmodels . ... ...................
6.3.1 Comparing 2D and 3D RSG_WNM200 and RSG_WNM400

models . . . ...
6.4 Comparison with previousstudies . . . . ... ... ...........

Conclusion
7.1 Summary and Conclusion . . . .. ... ... ...............
7.2 Finalremarks . . . . . . . ..

Solving the Riemann problem

A1l TWO-SHOCK Riemannsolver . .. .. ... .. ... ..........
A2 ROERiemannsolver . ... ... ... .. ... ... ... .....
A3 AUSM+ Riemannsolver . . . . . .. ... ... ... ... ... .....
A4 HLLsolver . . . . . . . . . e
A5 HLLCsolver . . . . . . . . e e e
A6 TVDLFEsolver . . . .. . . . . . . . e

50
50
52
54
56
58
58
59
61

62
62

64
64
70
72
74



Vi

B Exploring the PLUTO code with models of spherical winds 92
B.1 The analytical solution of the free expanding stellar wind . . . . . . .. 93
B.2 Cartesiancoordinates . . . . ... ... .. ... o Lo oL 94

B.2.1 Testing different resolutions . . . ... ... ... ... ..... 94
B.2.2 Testing differentsolvers . . . ... ... ... ... .. ...... 96
B.3 Spherical coordinates . . . . ... ... .. o L Lo 96
B.3.1 Testing different resolutions . . . . . . ... ... ... .. ..., 96
B.3.2 Testing differentsolvers . . . .. ... ........... .. .. 97
B.4 Polar-cylindrical coordinates XY-plane . . . . . ... ... ... ..... 98
B.4.1 Testing different resolutions . . . . . ... ... .. ..., .. .. 98
B.4.2 Testing differentsolvers . . ... ... ... ... ... ...... 99
B.5 Polar-cylindrical coordinates XZ-plane . . . . . ... .. ... ...... 100
B.5.1 Testing different resolutions . . . . . . ... ... ... ...... 100
B.5.2 Testing differentsolvers . . . ... ... .. ... ... ...... 101
B.6  Comparison of cartesian, spherical and polar-cylindrical coordinates
for resolution 64 and 128% with HLL solver . . . . . ... ........ 101
B.7 Different limiters . . . . . . ... ... .. ... 102
B.8 DifferentCFLvalue . . . ... ... ... .. ... .. .. ...... 103
B.9 Computational cost for different model parameters . . ... ... ... 104
B.10 Summary of codetests . . . . ... ... ... . L oL 105

C Supplementary plots 106
C.1 Comparing model to Wilkin (1996) analytic solution in 2D maps . . . 106
C.2 Machnumber . ... ... ... ... ... 108
C3 Bowshock formation . . . ... ... ... .. .. .. L. 111
C4 3Dplots . ... . 112

Bibliography 113



List of Figures

1.1

1.2

1.3

14

1.5

1.6

HR diagram showing evolutionary tracks of massive stars, while tak-
ing into account mass loss and moderate convective overshooting (a
mechanism which transports material from unstable to stable region
in the interior of a star through penetration). The shaded areas indi-
cate where the stars spend most of their lives, which is about 90% on
the MS. [Credit: Maeder and Meynet (1987)]. . . . ... ... ... ...
[Left] All-sky image of stars and the interstellar medium in the Milky
Way detected by the 2MASS survey. [Credit: 2MASS/]. Carpenter,
T.H. Jarrett, and R. Hurt]. [Right] Dark clouds and stars in Sagittarius.
[Credit: John P. Gleason, Celestial Images] . . . . . ... ... ......
Schematic representation of how a runaway star can be produced
through the SES. The pair of blue and red circular objects represents
a binary star system, where the blue circular object is the massive pri-
mary, while the red circular object represents the secondary star. A:
shows the initial close binary, with the separation in the range 10-
100 AU (Kuiper 1935; Blaauw 1961). B: shows that this binary evolves
through mass transfer. C: there is no longer mass transfer and the blue
circle is now a helium star (O or B type), and the red one is a MS or
a blue supergiant (BSG) star. D: the primary explodes as a type II su-
pernova and disrupts the system. E: the secondary star gets released
as a runaway star. [Adapted from Figure 1 of Renzo et al. (2018)]. . . .
Schematic representation of how a runaway star can be produced
through the DES. The blue circular objects represent OB type stars
which are smaller relative to the black circular object which represents
a VMS or BH. In A: the tight binary approaches a VMS in a young
dense star cluster. B: the binary is in close contact with the VMS. C:
the strong gravitational pull of the VMS on the binary results in a tidal
disruption of the binary and one star becomes bound to the VMS and
the other star is released as a runaway star. [Inspired by Figure 2 of
Brown (2015)]. . . . ..
Some examples of observed bow shocks detected at different wave-
lengths around different types of systems. . . . .. ... ... ... ...
Sketch of the structure of a hydrodynamic bow shock. The vertical
black dashed line is the stagnation line, which is the axis of symme-
try of the bow shock, while the solid black dot represents the run-
away star at position (S). The abbreviations in this plot denote the
following: forward shock (FS), contact discontinuity (CD), reverse
shock (RS), Mach disk (MD), sonic line (SL) and Mach number (MN).
[Adopted from Scherer etal. (2016)]. . . . ... ... ... ... .. ...

vii

2

12



1.7 (A) The effect of thermal conduction on the size, shape and structure
of the bow shock around a massive MS star. (B) Effect of mass-loss
rate and space velocity of the central star on the bow shock morphol-
ogy around RSGs. In addition, the colorbar is the number density in
logarithmic scale in g /cm?, while the axes are in pc. [Credit: Meyer
etal. (2014)]. . . . . . o

1.8 Bow shock simulations of Betelgeuse in 3D obtained in the same pe-
riod of time, for the space velocities 32 km/s (top panel) and 72 km/s
(bottom panel). The bow shock produced by the faster moving star
is much smoother than the one on the top panel. [Credit: Mohamed,
Mackey, and Langer (2012)]. . . . . . . .. .. .. ... ...

1.9 Density of the circumstellar medium in g /cm?® of a RSG moving with
~ 30 km/s, showing the case where the instabilities are being sup-
pressed by the interstellar magnetic field (left) and the adiabatic case
(right). [Credit: van Marle, Decin, and Meliani (2014)]. . . .. ... ..

1.10 Synthetic dust emission map of the circumstellar structure of the HVR
O-type star, CPD — 64°2731 moving with ~ 160 km/s, with traces of
the astropause (AP) and bow shock (BS). [Credit: Gvaramadze et al.
(2019)]. . . .

viii

14

15

1.11 Density of the bow shock around an O-type star moving with ~ 30 km/s,

showing growth of instabilities and fluid build-up in the 2D models
at the apex. The density and temperature are in g/cm? and K, respec-
tively. [Credit: Greenetal. (2019)]. . . ... ... ... ... ... ..
1.12 2D Mira models for space velocity ~ 125km/s without cooling (A)
and with cooling (B). [Credit: Li, Bryan, and Quataert (2019)]. . . . . .

2.1 This is an example of a FV structured grid in one-dimension, where
the grid is divided into cells/zones and each zone contains the aver-
age value (as the shaded area) of the function that is discretized. In
addition, i is the index of the cell, Ax is the width of the cell and (f);
is the average in the zone i represented by the red horizontal line; and
the half-integers represents the interfaces of the zone. [Credit: Zingale
QOIB)|. o o v e e

2.2 Flow diagram showing the most important steps PLUTO takes to ar-
rive at the solution. U and F are the vector of conservative variables
and the corresponding vector of fluxes, At is the times-step, Ax is the
cell size, n is the current time. The subscript i is the integer that rep-
resents the cell and the half-integers represents the cell interface as
shown in Figure 2.1, and R is the operator that represents a Riemann
solver. R and L are the left and right interface states, respectively. . . .

2.3 Linear reconstruction for a FVM, where the gray horizontal line is the
cell average, the red lines are slopes obtained after the reconstruc-
tion, with the (solid-red-line) and the (dotted-red-line) representing
the limited slope and the unlimited slope, respectively. [Credit: Zin-
gale 2013)]. . . . . ..

2.4 For a fluid propagating from left to right of this 1D grid. In (A) we see
a rise of a discontinuity at regions of cells i — 4 and i — 3. In (B) we
see overshoot at cell i — 2 and undershoot at i 4 2 after some step(s)
of fluid propagation. In (C) there is no overshoot and undershoot
because a limiter is applied. [Credit: Zingale (2013)]. . . . . . ... ...

23

24



25

2.6

2.7

2.8

4.1

4.2

4.3

44

1
The Riemann solver uses the left and right interface states Ll;flz , and
2/
1
U?;ZR which were found by the reconstruction method to find the
27

interface flux F (UZ:—; ), for a finite volume update of the form U =
+1 n+1i . .
ur + % (Pzrf — Pl._f). [Credit: Zingale (2013)]. . . . . . .. ... ...
Radiative Coéling and heating rates that were included in our models.
The solid curves show the contribution from heavy atoms, while the
black dashed curve is the contribution from hydrogen and helium.
The purple dashed-dotted curve is the contribution from molecular
rotation, vibration and collision, in addition to processes associated
with cosmic rays, bremsstrahlung and compton effect. The yellow
dashed curve is the continuous net rate. [Top] Collisional Ionization
Equilibrium (CIE) curve, where heating (red dashed curve) is mostly
due to dust grains. [Bottom] Photoionization curve, where heating
(red dashed curve) is mostly due to a typical O-typestar. . . . ... ..
The corresponding separated cooling (blue) and heating (red) of the
net rate curve in Figure 2.6 with respect to number densities (), for
both CIE (top) and photoionization (bottom) . . . ... ... ... ...
[Top] Mean molecular weight, u, as a function of electron fraction,
ne/ny. [Bottom] The temperature divided by the mean molecular
weight as a function of temperature. . . . ... ... ... ... ...

Density plots for the bow shocks produced by a 10 M, MS star mov-
ing at 40 km/s with respect to the ISM of density, ny = 0.57 cm >
and temperature, T = 8000 K. The stellar wind has v,, = 1000 km/s,
M, =243 x1071° M, /yr and T,y = 2.52 x 10* K. The first, second,
third and fourth column correspond to the models obtained with adi-
abatic, cooling, thermal conduction, and cooling and thermal conduc-
tion conditions, respectively (see Table 4.1). The black-curve corre-
sponds to the Wilkin (1996) analytic solution, while the vertical lines
with length R = 0.1 pc are regions of cuts made to generate the Figure
42profiles. . ...
Density profiles taken along the y-axis from 0 to 0.1 pc of the MS mod-
els shown in Figure 4.1, where each color correspond to each cut in
the 2D map. The grey vertical lines separating different regions of the
bow shock corresponding to the adiabaticmodel. . . .. ... ... ..
Density plots for the bow shocks produced by a 10 M, RSG star mov-
ing at 40 km/s (left) and 70 km/s (middle and right) with respect to
the ISM of density, ny = 0.57 cm 3 and temperature, T = 3300 K.
The stellar wind has vying = 10 km/s, My, = 7.02x10~7 Mg,/ yr and
T = 2.5 x 10% K. The black-curve corresponds to the Wilkin (1996)
analytic solution. Both plot (A) and (B) are obtained with radiative
cooling included (see Table 4.1). Plot (C) is a zoomed-in view of plot
(B). o
Density profiles taken along the y-axis from 0 to 0.3 pc for models
RSG_40C (grey curve) and RSG_70C (red curve) of Figure 4.3. The
vertical dashed lines separate different regions of the bow shock, where
the color correspond to the color of thecurve. . . . . .. ... ... ...

iX

35

37



4.5

4.6

4.7

51

52

53

54

5.5

5.6

Density plots of a stellar wind bow shock for a MS 10 Mg, star from
literature (Meyer et al. 2014) in red and this work in blue. Plot (a), (b),
(c) and (d) correspond to the models obtained with adiabatic, cooling,
thermal conduction, and cooling and thermal conduction conditions,
respectively. . . . ... L L 47
Density plots of a stellar wind bow shock around a RSG star with
10 Mg, from the literature (Meyer et al. 2014) in the (left column) and
this work in the (right column). We have vg,r = 40 km/s in the (top
row) and Ugtar = 70 km/s in the (bottomrow). . . ... ... ... ... 48
[Top] Our cooling rates as a function of temperature for CIE case (yel-
low) compared to that in Meyer et al. (2014) (red). [Bottom] Our pho-
toionization (PI) cooling curve (yellow) compared to that in Meyer et
al. (2014) (red). . . . . . . e 49

Density plots at time, t = 4.89 kyr, for the bow shocks produced by
MS stars moving at 200 km/s, for the adiabatic case (top row) and
for the cooling and thermal conduction case (bottom row) for grid
resolutions, N,ones = 642, 1282, 2562 and 5122 (the first, second, third,
and fourth column, respectively). . . . ... .......... .. ... 52
Temperature plots at time, t = 4.89 kyr, for the bow shocks produced
by MS stars moving at 200 km/s, for the adiabatic case (top row) and
for the cooling and thermal conduction case (bottom row) for grid
resolutions, Nyones = 642, 1282, 256% and 5122 (the first, second, third,
and fourth column, respectively). ... ... ... ... ......... 52
Velocity plots at time, t = 4.89 kyr, for the bow shocks produced by
MS stars moving at 200 km/s, for the adiabatic case (top row) and
for the cooling and thermal conduction case (bottom row) for grid
resolutions, N,ones = 642, 1282, 2562 and 5122 (the first, second, third,
and fourth column, respectively). The orange curves with arrows are
the streamlines showing the fluid flow. . . ... ... ... ... .. ... 53
Profiles extracted along the apex (from 0 to 0.04 pc along the y-axis) of
the bow shock of MS models at different resolutions of Figures 5.1, 5.2
and 5.3, for the adiabatic case (top row) and for the cooling and ther-
mal conduction case (bottom row). In the first, second and third col-
umn are the density, temperature and velocity profiles, respectively.
The magenta vertical dashed lines separate different regions (freely
expanding wind, shocked wind, shocked ISM and unshocked ISM) of
the bow shock structure for models with resolution Nyopes = 5122 in
eachplot. .. ... ... .. ... .. 53
Same as Figure 5.1 for the RSG case. Density plots at time, t = 97.78
kyr, for the bow shocks produced by RSG stars moving at 200 km/s,
for the adiabatic case (top row) and for the cooling case (bottom row)
for grid resolutions, Nyones = 642, 1282, 2562 and 5122 (the first, sec-
ond, third, and fourth column, respectively). . .. ... ... ... ... 54
Same as Figure 5.2 for the RSG case. Temperature plots at time, t =
97.78 kyr, for the bow shocks produced by RSG stars moving at 200
km/s, for the adiabatic case (top row) and for the cooling case (bottom
row) for grid resolutions, Nyones = 642, 1282, 2567 and 5122 (the first,
second, third, and fourth column, respectively). . .. ... .. ... .. 54



5.7

5.8

5.9

6.1

6.2

6.3

6.4

6.5

Same as Figure 5.3 for the RSG case. Velocity plots at time, t = 97.78
kyr, for the bow shocks produced by RSG stars moving at 200 km/s,
for the adiabatic case (top row) and for the cooling case (bottom row)
for grid resolutions, Nyones = 642, 1282, 2562 and 5122 (the first, sec-
ond, third, and fourth column, respectively). The orange curves with
arrows are the streamlines showing the fluid flow. . . . . ... ... ..
Same as Figure 5.4 for the RSG case. Profiles extracted along the apex
of the bow shock of RSG models in different resolutions (i.e., from
0 to 0.2 pc along the y-axis) of Figures 5.5, 5.6 and 5.7, for the adi-
abatic case (top row) and for the cooling case (bottom row). In the
tirst, second and third column are the density, temperature and veloc-
ity profiles, respectively. The magenta vertical dashed lines separate
different regions (freely expanding wind, shocked wind, shocked ISM
and unshocked ISM) for bow shock structure for models with resolu-
tion Nyones = 5122 in each plot. .. ... ...
The effect of resolution on the HVR models for the MS case (dots)
and the RSG case (stars), for both the adiabatic case (blue solid line)
and thermal conduction and/or cooling case (red dashed line). Note,
the lines are only used to help differentiate between cases, rather than
represent continuous data. We have the effect on the density jump
factor (top plot), temperature jump at the reverse shock (middle plot)
and contact discontinuity in comparison with the Wilkin (1996) ana-
lytic solution R(0°)/R(90°) = 0.577 (bottom plot). See the analytic
solution on the 2D maps in Figures C.1 (for the MS case) and C.2
(for the RSG case) of Appendix C.1. Please note at low resolution
Nyones < 2567 is difficult to determine the reverse shock and the con-

tact discontinuity, as such these measurements are very approximate.

Density plots of the MS bow shocks for stars moving at 200 km/s (top
row) and 400 km/s (bottom row) with respect to the ISM. The ISM
phase in the first, second, third and fourth column is the HIM, HII
region, WNM and CNM, respectively. . . .. ... ... ... ......
Density plots of the RSG bow shocks for stars moving at 200 km/s
(top row) and 400 km/s (bottom row) with respect to the ISM. The
ISM phase in the first, second, third and fourth column is the HIM,
HII region, WNM and CNM, respectively. . ... ............
Temperature plots of the MS bow shocks for stars moving at 200 km /s
(top row) and 400 km/s (bottom row) with respect to the ISM. The
ISM phase in the first, second, third and fourth column is the HIM,
HII region, WNM and CNM, respectively. . ... ............
Temperature plots of the RSG bow shocks for stars moving at 200
km/s (top row) and 400 km/s (bottom row) with respect to the ISM.
The ISM phase in the first, second, third and fourth column is the
HIM, HII region, WNM and CNM, respectively. . .. ... .. .. ...
Velocity plots of the MS bow shocks for stars moving at 200 km/s
(top row) and 400 km/s (bottom row) with respect to the ISM. The
ISM phase in the first, second, third and fourth column is the HIM,
HII region, WNM and CNM, respectively. The orange curves with
arrows are the streamlines showing the fluid flow. . . . ... ... ...

xi

55

65

68



6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

xii

Velocity plots of the RSG bow shocks for stars moving at 200 km/s
(top row) and 400 km/s (bottom row) with respect to the ISM. The
ISM phase in the first, second, third and fourth column is the HIM,
HII region, WNM and CNM, respectively. The orange curves with
arrows are the streamlines showing the fluid flow. . . . ... ... ... 68
Emissivity plots of the MS bow shocks for stars moving at 200 km/s
(top row) and 400 km/s (bottom row) with respect to the ISM. The
ISM phase in the first, second, third and fourth column is the HIM,
HII region, WNM and CNM, respectively. . ... ... ......... 69
Emissivity plots of the RSG bow shocks for stars moving at 200 km/s
(top row) and 400 km/s (bottom row) with respect to the ISM. The
ISM phase in the first, second, third and fourth column is the HIM,
HII region, WNM and CNM, respectively. . ... ............ 69
Evolution of the bow shock around a MS star moving at 200 km/s
(red) and 400 km/s (blue) with the respective model (solid) and an-
alytic solution (dashed). The ISM phase in the first, second, third
and fourth column is the HIM, HII region, WNM and CNM, respec-
tively. The first, second and third rows are for the R(0°), R(90°) and
R(0°)/R(90°), respectively, where R(0°) and R(90°) are the distances
between the star and the contact discontinuity, parallel and perpen-
dicular to the direction of motion, respectively. . . . .. ... ... ... 71
Evolution of the bow shock around a RSG star moving at 200 km/s
(red) and 400 km/s (blue) with the respective model (solid) and an-
alytic solution (dashed). The ISM phase in the first, second, third
and fourth column is the HIM, HII region, WNM and CNM, respec-
tively. The first, second and third rows are for the R(0°), R(90°) and
R(0°)/R(90°), respectively, where R(0°) and R(90°) are the distances
between the star and the contact discontinuity, parallel and perpen-
dicular to the direction of motion, respectively. . . . . . ... ... ... 72
The ratio of the cooling timescale (T.,o1) to the dynamical timescale
(Tayn), for MS case. The stellar space velocity and ISM phase are indi-
cated in the legend along with the bow shockage. . . . ... ... ... 73
The ratio of the cooling timescale (T.,) to the dynamical timescale
(Tayn), for RSG case. The stellar space velocity and ISM phase are
indicated in the legend along with the bow shockage. . ... ... .. 73
The bow shocks of model, RSG_WNM200, with the density, tempera-
ture, velocity and emissivity plots in the first, second, third and fourth
row, respectively. We have the 2D map in the left column and the
cross-section from the 3D model in the middle column, with the re-
spective profiles extracted along the apex (i.e., 0 <y < 0.3 pc) in the
rightcolumn. . .. ... ... .. ... ... .. .. .. ... . ... 76
The bow shocks of model RSG_WNM200 showing the regions of the
extracted profiles (the black horizontal lines) for the 2D model (left
column) and 3D cross-section (middle column). The extracted lines
in format (x1, y1) to (x2, y2) are (0, -0.07) to (0.4, -0.07), (0, -0.11) to
(0.4, -0.11), (0, -0.21) to (0.4, -0.21) and (0, -0.24) to (0.4, -0.24). [Right
column] The profiles corresponding to the extracted regions, i.e., y =
—0.07 pc (first row), y = —1.1 pc (second row), y ~ —0.21 pc (third
row), and y = —0.24 pc (fourthrow). . ... ... ... ... ...... 77



6.15

6.16

Al

A2

A3

A4

A5

B.1

B.2

B.3

xiii

The bow shocks of model, RSG_WNM400, with the density, tempera-
ture, velocity and emissivity plots in the first, second, third and fourth
row, respectively. We have the 2D map in the left column and the
cross-section from the 3D model in the middle column, with the re-
spective profiles extracted along the apex (i.e., 0 <y < 0.1 pc) in the
rightcolumn. . ... ... ... ... ... .. .. . 78
The bow shocks of model RSG_WNM400 showing the regions of the
extracted profiles (the black and white horizontal lines for the clumpy
and smooth regions, respectively) for the 2D model (left column) and
3D cross-section (middle column). The extracted lines in format (x1,
y1) to (x2, y2) are (0, -0.01) to (0.3, -0.01), (0, -0.04) to (0.3, -0.04), (O,
-0.065) to (0.3, -0.065) and (0, -0.095) to (0.3, -0.095). [Right column]
The profiles corresponding to the extracted regions, i.e., y = —0.01 pc
(first row), y = —0.04 pc (second row), y ~ —0.065 pc (third row),

and y ~ —0.095 pc (fourthrow). . ... ... ... ... ......... 79
The x — t space showing the solution of the Riemann problem, where
x is position and ¢ is time. [Credit: Colella and Glaz (1985)]. . .. . .. 86
The physical representation of the two-shock approximate Riemann
problem with the two shock waves. [Credit: Rider (1999)]. . ... ... 87

The structure of the solution of the Riemann problem with Ay, and Ag
as the data for the left and right separated by x = 0 in the x — ¢ plane,
showing three waves (the left, middle and right waves). The mid-
dle wave is the contact discontinuity, while the left and right waves
are non-linear, which can either be shocks or rarefactions. The region
where the variables have the (*), is called the star region and it is
where we want to determine the flux, by solving the Riemann prob-
lem. [Credit: Toro, Spruce, and Speares (1994)]. . . . .. ... ... ... 88
The wave structure for the HLL approximate Riemann solver for the
case where we have a subsonic flow, where Sy and Sg are the esti-
mates for the lower and upper bound wave speed estimates. [Credit:
Toro, Spruce, and Speares (1994)]. . . . . ... ... ... ... ...... 89
Structure of the waves shown in the HLLC approximate Riemann
solver, with wave speed estimates Sy, Sy and Sk for the case of a
subsonic flow. [Credit: Toro, Spruce, and Speares (1994)]. . . . . .. .. 90

Convergence tests of the stellar wind models in cartesian coordinates
using the HLL solver. The top, middle and bottom row represents
grid resolution Njones = 643, 1283 and 256°, respectively. The left,
middle and right columns represent density, temperature and veloc-
ity, respectively. . . . ... ... L 95
1D plots of the models in Figure B.1 taken from 1 AU to 10 AU and
compared to the analytic solution (black-dashed line) from 2 AU to 10
AU. The yellow stars, the red triangles and the blue dots represents
the models with grid resolution N,ones = 643, 128 and 256°, respec-
tively. . . . 95
1D plots of the different solver models, which are taken from 1 AU
to 10 AU and compared to the analytic solution (black, dashed line)
which ranges from 2 AU to 10 AU. The red star, the orange triangle,
the blue dot, the yellow cross and the purple vertical line represent
the ROE, AUMS+, HLLC, HLL, and TVDLF solvers, respectively. . . . 96



B.4 The same as figure B.1 but for spherical coordinates. . . . . . ... ...
B.5 The same as Figure B.2 but for models in spherical coordinates.
B.6 The same as Figure B.3 but for spherical coordinates. . .. ... .. ..
B.7 The same as figure B.1 but for polar-cylindrical coordinates. . . .. ..
B.8 The same as Figure B.2 but for models in polar-cylindrical coordi-
nates. . . . ... L
B.9 The same as Figure B.3 but for polar-cylindrical coordinates. . . . . . .
B.10 The same as figure B.7 but in the XZ-plane of the polar-cylindrical
coordinates. . . . . . ...
B.11 The same as Figure B.8 but for the XZ-plane of the polar-cylindrical
coordinates models shown in Figure B.10. . . ... ... ... .....
B.12 The same as Figure B.9 but for XZ-plane of the polar-cylindrical coor-

B.13 Comparing different coordinates system using the same HLL solver
at the same resolution. The yellow star, red triangle and blue dot rep-
resents the model obtained using the cartesian, spherical and polar-
cylindrical coordinates system, respectively. The top and bottom row
is for grid resolution Nyones = 643 and 1283, respectively. . . ... ...

B.14 The yellow stars and the red triangles represent models obtained us-
ing the OSPRE and VANLEER limiter from 1 AU to 10 AU of the mod-
els, respectively, compared to the analytical solution from 2 AU to 10
AU (black dashed line). . . . . ... ... ... ... .. ... ... ...,

B.15 These plots compare the models obtained using the CFL value of 0.01,
0.1 and 0.4 which are represented by the yellow star, red triangle and
blue dot, respectively. These plots are taken from 1 AU to 10 AU of
the models, and they are compared with the analytical solution repre-
sented by the back dashed line. . . . ... ... ... ... .......

B.16 Plots showing the performance of PLUTO code, while testing its nu-
merics with respect to the N ones per core per second by using a freely
expanding stellar wind produced by a stationary star, the runtime is
the time taken for the simulated stellar wind to reach a steady state.
Presented in this figure is the runtime of cases in Table B.1 with re-
spect to the coordinate system. We have the resolution tests, solver
tests, limiter tests and CFL value tests, in the first, second, third and
fourth columns, respectively. . . ... ... ................

C.1 Comparing the Wilkin (1996) analytic solution (black-dashed-curve)
to the density plots at steady state, for the bow shocks produced by
MS stars moving at 200 km /s, for the adiabatic case (top row) and for
the cooling & thermal conduction case (bottom row) for grid resolu-
tions, Nyopes = 642, 1282, 256% and 5122 (the first, second, third, and
fourth column, respectively). . ... ... ... ... ... .. ......

C.2 Comparing the Wilkin (1996) analytic solution (black-dashed-curve)
to the density plots at steady state, for the bow shocks produced by
RSG stars moving at 200 km/s, for the adiabatic case (top row) and
for the cooling & thermal conduction case (bottom row) for grid reso-
lutions, Nyones = 642, 1282, 2562 and 5122 (the first, second, third, and
fourth column, respectively). . .. ... ... ... ... .........

Xiv

99
99

103



C.3 Comparing the Wilkin (1996) analytic solution (black-dashed-curve)
to the density plots of the MS bow shocks for stars moving at 200
km/s (top row) and 400 km/s (bottom row) with respect to the ISM.
The ISM phase in the first, second, third and fourth column is the
HIM, HII region, WNM and CNM, respectively. . ... ... ... ...

C.4 Comparing the Wilkin (1996) analytic solution (black-dashed-curve)
to the density plots of the RSG bow shocks for stars moving at 200
km/s (top row) and 400 km/s (bottom row) with respect to the ISM.
The ISM phase in the first, second, third and fourth column is the
HIM, HII region, WNM and CNM, respectively. . .. ... .......

C.5 Mach number plots at time, t = 4.89 kyr, for the bow shocks produced
by MS stars, respectively, moving at 200 km/s, for the adiabatic case
(top row) and for the cooling and /or thermal conduction case (bottom
row) for grid resolutions, Nyones = 642, 1282, 256> and 5122 (the first,
second, third, and fourth column, respectively). . .. ... .. ... ..

C.6 Mach number plots at time, t = 97.78 kyr, for the bow shocks produced
by RSG stars, respectively, moving at 200 km/s, for the adiabatic case
(top row) and for the cooling and / or thermal conduction case (bottom
row) for grid resolutions, Nyones = 642, 1282, 2562 and 512 (the first,
second, third, and fourth column, respectively). . ... ... ... ...

C.7 Mach number plots of the MS bow shocks for stars moving at 200
km/s (top row) and 400 km/s (bottom row) with respect to the ISM.
The ISM phase in the first, second, third and fourth column is the
HIM, HII region, WNM and CNM, respectively. . . ... ... .....

C.8 Mach number plots of the RSG bow shocks for stars moving at 200
km/s (top row) and 400 km/s (bottom row) with respect to the ISM.
The ISM phase in the first, second, third and fourth column is the
HIM, HII region, WNM and CNM, respectively. . ... .. ... ....

C.9 Density plots of the MS bow shocks for stars moving at 200 km/s (top
row) and 400 km/s (bottom row) with respect to the ISM. The ISM
phase in the first, second, third and fourth column is the HIM, HII
region, WNM and CNM, respectively. Similar to models presented in
Figure6.1. . . . ... .. ... .

C.10 Density plots of the RSG bow shocks for stars moving at 200 km/s
(top row) and 400 km/s (bottom row) with respect to the ISM. The
ISM phase in the first, second, third and fourth column is the HIM, HII
region, WNM and CNM, respectively. Similar to models presented in
Figure6.1. . . . . ... .. . . .

C.11 3D projections of the bow shocks of models, RSG_WNM200 (left) and
RSG_WNM400 (right), which where sliced to produce the 3D (2D
slice) maps in Section 6.3. We have the density, temperature, velocity
and emissivity plots in the first, second, third and fourth row, respec-
tively. . .. ..

XV

112



XVi

List of Tables

2.1

3.1
3.2

4.1
4.2

51

52

6.1

6.2

B.1

Cooling and heating processes for Collisional Ionization Equilibrium

(CIE) and Photoionization. . . . . . . . ... ... ... ... ....... 34
Stellar wind parameters adopted in our models. . . .. ... ... ... 39
ISM parameters adopted inour models. . . . . ... .... ... ..., 40
Setup parameters for the MS and RSG runaway test models . . .. .. 43
Bow shock properties for MS and RSG runaways . . . . . ... ... .. 43
MS and RSG HVR resolution test models for ISM density 0.57 cm >
and space velocity 200 km/s . . . . .. ... ..o Lo oL 51
Quantitative analysis of the density and temperature profiles of Fig-
ure54and 5.8.. . . .. 56
2D and 3D model setup for different stellar evolutionary phases, ISM
phases and space velocities . . . . ... ... ... .. ... o L. 63
Time taken for the MS and RSG HVR models to reach a steady state
alongtheapex . . .. ... ... ... ... 71

The performance of the code measured in N ones per core per second
for the stellar wind simulation to reach a steady state while using 240
processors for the testmodels. . . . ... ... ... ... .. ... 104



xvii

List of Abbreviations

HVR
SES
DES
MS
RSG
ISM
SOD
CIE
PI

2D
3D
HIM
HII
WNM
CNM
BH
VMS

high-velocity runaway
supernova ejection scenario
dynamical ejection scenario
main-sequence

red supergiant

interstellar medium
stand-off distance
collisional ionization equilibrium
photoionization
two-dimensions
three-dimensions

hot ionized medium

H II region

warm neutral medium

cold neutral medium

black hole

very massive star



List of Symbols

stellar wind temperature

stellar wind velocity

stellar wind mass-loss rate

stellar wind density
ISM density
ISM temperature

space velocity of the star

stand-off distance
effective temperature
solar unit

solar mass

solar radius

solar luminosity
Boltzmann constant
astronomical unit
parsec

proton mass
hydrogen atom mass

1.998 x 1033 g

6.955 x 1019 cm
3.828 x 10® erg/s
1.381 x 10716 erg/K
1.491 x 103 cm
3.086 x 10'8 cm
1.673 x 10~ g
1.673 x 107 g

xviii



Chapter 1

Introduction

Stars are arguably the most important objects in the Universe; they are the primary
sites for nucleosynthesis of elements essential for life (e.g., carbon) and their ex-
plosive events such as supernovae also produce many heavy elements (e.g., gold),
that are important for the chemical evolution of galaxies (Kippenhahn, Weigert, and
Weiss 2012).

1.1 Stellar evolution of massive stars

Stars form in groups or clusters when cold clouds which are part of the interstel-
lar medium collapse under their own weight due to self-gravity (Kippenhahn and
Weigert 1990; McKee and Ostriker 2007). During the collapse, the cold fragments
and proto-stars are formed at the central regions of these fragments. The centers of
the proto-stars heat-up as they accrete material from their surroundings, and when
the centre is hot enough, hydrogen fusion starts and a star is born (McKee and Os-
triker 2007; Kippenhahn, Weigert, and Weiss 2012). At this stage, a star is regarded as
being on the zero age main-sequence (ZAMS), which marks the start of its evolution
(McKee and Ostriker 2007; Kippenhahn, Weigert, and Weiss 2012). The mechanism
of star formation is still poorly understood, even more so the formation of multi-
ple star systems (e.g., binaries) (Zinnecker and Yorke 2007). However, with ever
more advanced observational facilities (e.g., James Webb Space Telescope (JWST)) and
computational facilities and techniques, star formation has become one of the most
popular research areas in stellar astrophysics.

Stars are commonly categorised based on their masses. The Sun is an example
of a low-mass star (masses < 8 Mg) and they have weak stellar winds (Lamers
and Cassinelli 1999; Kippenhahn, Weigert, and Weiss 2012). Low-mass stars typ-
ically end their lives expelling their outer envelope via these winds, and forming
glowing planetary nebulae with their cores becoming a white dwarf (Lamers and
Cassinelli 1999; Kippenhahn, Weigert, and Weiss 2012). High-mass stars, most com-
monly called massive stars, have masses 2 8 M; they have a significant impact on
their surroundings due to their strong stellar winds with high mass-loss rates (e.g.,
stellar wind bow shocks and spherical wind bubbles), and they typically end their
lives via violent events (e.g., core-collapse supernovae) (Kippenhahn and Weigert
1990; Maeder 2009). Amongst massive stars, those with masses 2 60 M, are rare
and are referred to as very massive stars (VMSs) (Vink 2008a; Vink 2011; Vink et al.
2015; Kohler et al. 2015, and references therein), and at solar metallicity are thought
to typically evolve to form Wolf-Rayet (WR) stars (Maeder and Meynet 1987; Lamers
and Cassinelli 1999; Meynet and Maeder 2017), for example see Figure 1.1.
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Stellar evolution describes the changes a star undergoes during its lifetime. During
the evolution, its position shifts on the Hertzsprung-Russell (HR) diagram which
tracks the stellar luminosity and temperature. On the main-sequence (MS) is where
they spend most of their lifetime (Kippenhahn and Weigert 1990) with different nu-
clear burning stages as the main indicator of different evolutionary phases (Kippen-
hahn and Weigert 1990; Kippenhahn, Weigert, and Weiss 2012). The precise evolu-
tionary path of a star, depends on its initial physical properties while on the ZAMS,
such as the initial mass, rotation, metallicity and the presence of companions (de
Mink et al. 2013; Chieffi and Limongi 2013, and references therein). For instance,
stars with initial masses of 8 Mo, SMS 25 Mg, as shown in Figure 1.1 will evolve to
form red supergiant stars (RSG) in their final phase (Davies and Beasor 2018). In
this Thesis we focus on single stars with masses in this range at solar metallicity, but
neglect the added complexities due to rotation (for example see Brott et al. (2011)
and Meynet and Maeder (2017)). The stars we consider will end their lives via core-
collapse supernovae, leaving behind a compact object (either a neutron star (NS) or
a black hole (BH) for most massive systems) (Kippenhahn, Weigert, and Weiss 2012).
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FIGURE 1.1: HR diagram showing evolutionary tracks of massive stars, while taking into

account mass loss and moderate convective overshooting (a mechanism which transports

material from unstable to stable region in the interior of a star through penetration). The

shaded areas indicate where the stars spend most of their lives, which is about 90% on the
MS. [Credit: Maeder and Meynet (1987)].
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1.2 Stellar winds on the evolution of massive stars

The evolution of all stars is significantly affected by the mass loss, but the effect is
particularly important in massive stars as their luminosities are nearer to the Ed-
dington limit (de Jager, Nieuwenhuijzen, and van der Hucht 1988; Vink and de
Koter 2002; van Loon 2006; Vink 2006; Vink 2008a; Vink 2008b). Furthermore, the
mass-loss rate changes as the star evolves, for example, for a star with initial mass of
10 Mg, it can increase from 10~%° Mgyr~—! on the MS to 10742 Myyr~! in the RSG
phase (Brott et al. 2011). Such high mass-loss rates can result in the loss of about 50%
or more of the stellar mass (Kippenhahn, Weigert, and Weiss 2012). According to
Meynet et al. (1994), a change in mass-loss rate by a factor of 2 can have significant
effect on the evolution of a massive star.

Even though stellar winds have been studied for decades, theoretical models and
actual values derived from observations are still very uncertain (de Jager, Nieuwen-
huijzen, and van der Hucht 1988; van Loon et al. 1999; Mauron and Josselin 2011;
Kippenhahn, Weigert, and Weiss 2012; Vink 2008b). Empirical formulae have been
developed to describe mass loss using stellar parameters for specific evolutionary
phases (de Jager, Nieuwenhuijzen, and van der Hucht 1988; van Loon et al. 2005;
Kippenhahn, Weigert, and Weiss 2012), for example Reimers (1975) developed a
mass-loss rate formula for red giants which was further modified to rely more on
stellar parameters of cool stars by Schroder and Cuntz (2005), which is given as
(Kippenhahn, Weigert, and Weiss 2012; Lamers et al. 2000)

. LR Mo [ T \33
_ —14 LR o) eff g -1
M= =810 TR, (40001<> (1+ 4300g@) (Moyr™), (1)

where M is the mass-loss rate of the star, which can be obtained from the star’s
mass M, luminosity L, radius R, effective temperature T and surface gravity g.
For OB type stars, the formula for estimating their mass-loss rate was derived by
Lamers (1981), Vink, de Koter, and Lamers (1999), Lamers et al. (2000), Vink, de
Koter, and Lamers (2000a), and Vink, de Koter, and Lamers (2001) and it is given as
(Kippenhahn, Weigert, and Weiss 2012)

L >1.42< R >0.61<30M®

0.99 M 1 1o
1000 L, 30R. M ) [Moyr™]. (1.2)

M = —1.48 x 10—5(

1.2.1 Stellar winds from hot stars

Massive OB-type MS stars with masses ~ 8 — 25 M, are an example of luminous
hot stars that will evolve into RSGs as mentioned in Section 1.1 (Kippenhahn and
Weigert 1990; Lamers and Cassinelli 1999; Vink, de Koter, and Lamers 1999; Vink,
de Koter, and Lamers 2000b; Vink and de Koter 2002; Kippenhahn, Weigert, and
Weiss 2012). These OB stars have mass-loss rates of ~ 1077 — 1077 Muyr ! and
wind velocities of ~ 1000 — 3000 km/s which is about three times the value of
the escape velocity (Vesc), Voo R 30esc (Howarth and Prinja 1989; Kippenhahn and
Weigert 1990; Lamers and Leitherer 1993; Puls et al. 1996; Lamers and Cassinelli
1999; Vink, de Koter, and Lamers 1999; Kippenhahn, Weigert, and Weiss 2012; Vink
and Gréfener 2012). The driving mechanism of these winds is radiation pressure on
lines, which efficiently transfers momentum to the wind materials by photons (Kip-
penhahn and Weigert 1990; Vink, de Koter, and Lamers 1999; Vink, de Koter, and
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Lamers 2001; Vink and Gréfener 2012). Even though radiation driven wind theory
is well-developed, there is still some uncertainty in the prediction of mass-loss prop-
erties, e.g., due to the inhomogeneities in the winds (Kippenhahn and Weigert 1990;
Lamers and Cassinelli 1999; Vink, de Koter, and Lamers 1999; Vink, de Koter, and
Lamers 2001).

1.2.2 Stellar winds from cool stars

RSG stars are an example of cool luminous stars which are evolved massive stars
with initial MS masses ~ 8 — 25 Mg, and it is the evolutionary phase where stars
with ZAMS masses in this range spend most of their post-MS life (Kippenhahn and
Weigert 1990; van Loon et al. 2005; Bennett 2010). From observations, it is estimated
that RSGs have high mass-loss rates of ~ 107 — 107> Myyr~! and slow wind ve-
locities of ~ 10 — 50 km/s (de Jager, Nieuwenhuijzen, and van der Hucht 1988; van
Loon et al. 1999; Lamers and Cassinelli 1999; van Loon et al. 2005; van Loon 2006;
Bennett 2010). It is still not known what mechanisms drives mass loss in RSGs, but
decades of research have proposed that radiation pressure on dust particles (Sedl-
mayr and Dominik 1995; Lamers and Cassinelli 1999; van Loon et al. 1999; van Loon
et al. 2005; Bennett 2010; Kippenhahn, Weigert, and Weiss 2012) and also Alfvén
Waves (Bennett 2010) are the most likely the driving mechanisms.

1.3 Interstellar Medium

The ISM is the material in galaxies found between stars which is composed of gas,
dust, electromagnetic radiation and cosmic rays (Osterbrock 1989; Draine 2011; Klessen
and Glover 2016). For example, Figure 1.2 shows the distribution of the ISM in our
Galaxy and in the constellation Sagittarius. While stars are the dominating sources
of energy in galaxies, the ISM is the material responsible or needed for the formation
of stars; this makes the ISM a very important component of galaxies (Draine 2011;
Klessen and Glover 2016).

The ISM has different phases, which account for most of its volume and mass in
the Milky Way, especially the Galactic disk (McKee and Ostriker 1977; Draine 2011;
Klessen and Glover 2016). The first multi-phase structure model of the ISM was
proposed by Field, Goldsmith, and Habing (1969), which focused on a two-phase
medium consisting of the cold neutral medium (CNM) and warm neutral medium
(WNM). The studies by McKee and Ostriker (1977) extended these two-phase mod-
els by proposing a hot ISM in an ionized state called the hot ionized medium (HIM).
Observations by Hoyle and Ellis (1963) verified the existence of another ionized ISM
phase called the warm ionized medium (WIM), the latter is not part of H II regions
(Draine 2011; Klessen and Glover 2016). Molecular gas (Hj) is another phase first
discovered through observations by Carruthers (1970), it is the coolest and the dens-
est of the ISM phases. The ISM phases, from the hottest to the coolest, have proper-
ties as follows:
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FIGURE 1.2: [Left] All-sky image of stars and the interstellar medium in the Milky Way
detected by the 2MASS survey. [Credit: 2MASS/]. Carpenter, T.H. Jarrett, and R. Hurt].
[Right] Dark clouds and stars in Sagittarius. [Credit: John P. Gleason, Celestial Images]
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(i) The HIM, also called the coronal gas because it has temperatures comparable
to the Sun’s corona, is heated to temperatures T 2> 10°° K by shock waves e.g., su-
pernova explosion blastwaves (McKee and Ostriker 1977; Spitzer 1990; Draine 2011;
Klessen and Glover 2016). This medium has low densities of about ~ 1072° cm™3
and it is observed via ultraviolet, X-ray and radio synchrotron emission (McKee and
Ostriker 1977; Draine 2011). In addition, it accounts for about 50% of the volume of
the galactic disk in a spiral galaxy (Draine 2011).

(ii) The H II region is photoionized gas which is found around or near newly formed
O-type stars (Draine 2011). The latter emit the ultraviolet radiation that is respon-
sible for the photoionization (Draine 2011). The H II gas has number density in the
range ~ 0.3 — 10* ecm 3 and temperature of about ~ 10* K, and it is observed via
optical line emission (Osterbrock 1989; Draine 2011). The WIM is similar to the H
Il region, but it refers to the lower density photoionized regions (~ 0.2 — 0.5 cm~3)
and it is not considered part of H II regions (Draine 2011; Klessen and Glover 2016).

(iii) The WNM, also referred to as warm H I, consists mainly of atomic gas, whose
densities are comparable to the WIM (~ 0.2 — 0.6 cm %) and it is heated to tempera-
tures of about ~ 5000 — 10000 K by photoelectrons from dust and cosmic rays (Field,
Goldsmith, and Habing 1969; Wolfire et al. 1995; Draine 2011; Klessen and Glover
2016). It is observed using ultraviolet/visible absorption lines and H I 21-cm emis-
sion (Draine 2011). In addition, this medium fills approximately 40% of the Galactic
disk’s volume (Draine 2011).

(iv) The CNM, also referred to as the cool H1I, is mainly composed of atomic gas with
low temperatures of about ~ 50 — 100 K and densities in the range ~ 20 — 50 cm 3
(Wolfire et al. 1995; Draine 2011; Klessen and Glover 2016). It is also heated by pho-
toelectrons from dust and, like the WNM, it is also observed via H I 21-cm emission
and ultraviolet/visible absorption (Draine 2011). In addition, it occupies about ~ 1%
of the local ISM (Draine 2011).

(v) Molecular gas (Hj), is divided into a lower density ~ 100 cm ™3 molecular gas
also called diffuse Hy, with temperatures of about ~ 50 K, and a higher density
~ 10%° — 10° cm~3 molecular gas often referred to as dense H, with temperatures
in the range ~ 10 — 50 K (Draine 2011; Klessen and Glover 2016). This medium is
correlated with star formation, and it is observed via HI 21-cm & CO 2.6-mm emis-
sion and ultraviolet/visible absorption lines (Carruthers 1970; Ferriere 2001; Draine
2011).

These different ISM phases are linked to each other, and there are conversions from
one phase to another because of the dynamics of the ISM. For example, high energy
photons from hot stars can heat up the cold molecular gas to form hot H II gas, also
cooling via the release of radiation by the hot gas can reduce the temperature of ions
and electrons which may undergo recombination to form atoms, and the hydrogen
atoms can also release radiation and combine to form molecular hydrogen (Draine
2011).
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1.4 The origin of high-velocity runaway (HVR) stars

Stars are constantly in motion as they orbit around the centre of their galaxy; those
that are moving at supersonic speeds through the ISM with velocities in the range
40 < v < 200 km/s are referred to as runaway stars (Blaauw 1961). Hypervelocity
stars move at speeds comparable to the Galactic escape velocity ~ 500 km /s (Brown
2015, and references therein). We define HVRs as stars moving at speeds that are at
the tail end of the runaway velocity distribution. The supernova ejection scenario
(SES) (Blaauw 1961; Stone 1991) (see Section 1.4.1) and the dynamical ejection sce-
nario (DES) (Poveda, Ruiz, and Allen 1967; Gies and Bolton 1986) (see Section 1.4.2),
are the two common mechanisms proposed to explain such high stellar velocities
(Hoogerwerf, Bruijne, and Zeeuw 2000; Gvaramadze 2009; Peri et al. 2012; Dorigo
Jones et al. 2020). The other less common mechanisms are mentioned in Section
1.4.3. In most cases there is not enough evidence to conclude which mechanism is
responsible for some runaway stars (Peri et al. 2012, and reference therein), but some
studies suggest that runaway and HVR stars are more likely to be produced via the
SES (Moffat et al. 1998; Peri et al. 2012), and hypervelocity stars via the DES (Brown
2015).

1.4.1 Supernova Ejection Scenario (SES)

In the SES, see Figure 1.3, a runaway star is produced when a massive binary evolves
and the primary explodes as a supernova disrupting the binary by rapidly reducing
the gravitational attraction that holds the stars together in their orbit (Blaauw 1961;
Stone 1991; Huthoff and Kaper 2002). The secondary is released as a runaway star
with a velocity that is comparable to its orbital velocity in the pre-supernova binary
(Blaauw 1961; Stone 1991; Huthoff and Kaper 2002).

Blaauw (1961) approximated the possible velocities of the runaway star from the
SES as:

My (M AU
M+ M> a, Mg

where M is the most massive component in the binary before explosion (the pri-
mary star), My is the mass of the secondary before explosion (it will be the runaway
star as shown in Figure 1.3), a; is the radius of the orbit of M, around the com-
mon center of gravity, and Vggs is the velocity of M, around this same point (this
is approximately the velocity of the runaway star after M; goes supernova). This
velocity is in the range 40 < Vsgs < 200 km/s (Blaauw 1961) or even higher for
HVR stars. For example, if M; and M, have masses equal to 300M and 10 M,
respectively, (so that ﬁ ~ 1) and a; = 10 AU, the velocity of the runaway star
will be Vggg ~ 200 km/s.

Vigs ~ 30[ )% km/s, (1.3)
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FIGURE 1.3: Schematic representation of how a runaway star can be produced through the
SES. The pair of blue and red circular objects represents a binary star system, where the blue
circular object is the massive primary, while the red circular object represents the secondary
star. A: shows the initial close binary, with the separation in the range 10-100 AU (Kuiper
1935; Blaauw 1961). B: shows that this binary evolves through mass transfer. C: there is no
longer mass transfer and the blue circle is now a helium star (O or B type), and the red one
is a MS or a blue supergiant (BSG) star. D: the primary explodes as a type II supernova and
disrupts the system. E: the secondary star gets released as a runaway star. [Adapted from
Figure 1 of Renzo et al. (2018)].

1.4.2 Dynamical Ejection Scenario (DES)

In the DES, a runaway star is produced via strong gravitational interactions between
massive OB stars in the core of a young dense cluster (Poveda, Ruiz, and Allen 1967;
Huthoff and Kaper 2002). The star that will be released as a runaway can interact
with two or more stars in the core of the star cluster (Peri et al. 2012; Gvaramadze
2009). There have been observations of OB runaways with space velocities greater
than 100 km/s (Gies and Bolton 1986; Conlon et al. 1990; Blaauw 1993; Gvaramadze
et al. 2019), and these velocities are about 10 times the speed of normal OB stars
found in the Milky Way (Huthoff and Kaper 2002).

Poveda, Ruiz, and Allen (1967) suggested that there are dynamical interactions be-
tween stars that occur due to the collapse of young star clusters. A three-body dy-
namical interaction is one of the most likely interactions that can explain HVR stars.
As shown in Figure 1.4, this process happens when a binary star system encounters
a VMS or a BH and the interaction results in a tidal breakup of the binary. One of
the binary members becomes bound to the VMS or BH while the other is ejected
as a runaway star. The ejection velocity as suggested by Gvaramadze (2009), and
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references therein is:

=

Mywms )

100 M, ( : )_%( Mo )%km/s, (1.4)

Viare ~
pes ~ 500 ( 30R; 10M,,

where Vpgs is the velocity of the runaway star, Myys is the mass of the VMS or BH,
a is the semimajor axis of the binary before disruption and Mg is the total mass of
the binary. The stars that are released through the DES have velocities in the range
35 < Vpgs < 185 km/s (Poveda, Ruiz, and Allen 1967). If the mass of the VMS
is about 200 — 300 M, (Vink et al. 2015, and references therein), it could result in
higher velocities that are > 500 — 600 km s~ ! (Gvaramadze 2009; Brown 2015, and
references therein).

A. Binary system approaches a very B. The binary gets in close contact with the
massive star/black hole very massive star

C. The binary gets disrupted, one D. Finally a new binary forms with a
component of the binary becomes tidally smaller star and a very massive star as its
bound to the very massive star, while the components and a separate runaway star

other component is ejected at a high velocity|

FIGURE 1.4: Schematic representation of how a runaway star can be produced through the

DES. The blue circular objects represent OB type stars which are smaller relative to the black

circular object which represents a VMS or BH. In A: the tight binary approaches a VMS

in a young dense star cluster. B: the binary is in close contact with the VMS. C: the strong

gravitational pull of the VMS on the binary results in a tidal disruption of the binary and one

star becomes bound to the VMS and the other star is released as a runaway star. [Inspired
by Figure 2 of Brown (2015)].

1.4.3 Other Ejection Scenarios

There are various other less common dynamical ways in which HVRs can be pro-
duced as discussed by Brown (2015), but because most massive stars exist in binaries,
in this subsection, only the ejection scenarios that involve the multiplicity of massive
stars are discussed.
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Triple system breakup

In this scenario, a runaway star is ejected due to the breakup of an unstable triple star
system (Anosova, Colin, and Kiseleva 1996; Gvaramadze 2009). The dissociation
of such a system results in a tight binary and a runaway, which is usually the least
massive of the three stars (Gvaramadze 2009; Toonen, Boekholt, and Portegies Zwart
2021). According to Toonen, Boekholt, and Portegies Zwart (2021), this mechanism
can result in a massive star with high velocities that can reach ~ 100 km/s.

Binary-Binary encounter

This is a scenario where two binaries interact and eject runaways with velocities
that are comparable to the pre-encounter orbital velocity of each component of the
systems. This mechanism can result in velocities in the range < 200 km/s (Brown
2015, and references therein).

1.5 Stellar wind bow shocks

1.5.1 Observations of stellar wind bow shocks

Some runaway stars have winds that are powerful enough to form stellar bow shocks,
arc-like structures that arise from the shock interaction between the wind and the
ISM (Baranov, Krasnobaev, and Kulikovskii 1971; van Buren, Noriega-Crespo, and
Dgani 1995; Huthoff and Kaper 2002). Bow shocks can be used to probe the proper-
ties of the stellar wind and the local ISM, such as the wind mass-loss rate, the wind
velocity and the local ISM density (Hollis et al. 1992; Kaper et al. 1997; Comerén
and Kaper 1998; Gvaramadze et al. 2013). In addition, they can also be used to find
runaway stars and to determine the clusters from which they originated (Gvara-
madze and Bomans 2008). For example, Ueta et al. (2008) derived the space velocity
of Betelgeuse relative to its local ISM using the thin-shell approximation by Wilkin
(1996), and the stellar wind parameters estimated by previous studies.

Massive MS or BSG stars are the main producers of bow shocks (van Buren, Noriega-
Crespo, and Dgani 1995; Peri et al. 2012; Peri, Benaglia, and Isequilla 2015; Dorigo
Jones et al. 2020). Approximately 10 — 25% of O-type stars are runaways (Gies 1987;
Blaauw 1993). There are only a few evolved massive stars known to date to have
bow shocks around them, for example, a yellow supergiant (YSG) star from the
Small Magellanic Cloud (SMC), and three RSG stars (Betelgeuse, 1 Cep and IRC-
10414) from our Galaxy (Neugent et al. 2018), and references therein.

Bow shocks are ubiquitous and have been detected in systems at different phases
of evolution and at different wavelengths, i.e., X-rays (Lopez-Santiago et al. 2012;
Rangelov et al. 2019), ultraviolet (Martin et al. 2007; Le Bertre et al. 2012), optical
(Gull and Sofia 1979; Bond and Miszalski 2018), infrared (van Buren and McCray
1988; Ueta et al. 2008; Mayer et al. 2011; Gvaramadze et al. 2011; Peri et al. 2012;
Gvaramadze et al. 2019; Green et al. 2019) and radio (Benaglia et al. 2010; van den
Eijnden et al. 2022). However, most of them have been observed in the infrared
(Gvaramadze et al. 2013). Figure 1.5 shows some observed bow shocks with promi-
nent definitions of the arc-like structures.
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FIGURE 1.5: Some examples of observed bow shocks detected at different wavelengths
around different types of systems.

1.5.2 The theory behind stellar wind bow shocks

The work by Baranov, Krasnobaev, and Kulikovskii (1971) was the first to derive the
distance characterizing the size of the bow shock called the stand-off distance, Rsop.
It is the distance between the star (in the direction of motion), and the point where
the ram pressure of the stellar wind (pwv2,) and the ISM (pig\©?) are balanced, such
that we have:

PwUn = PISMUZ, (1.5)

where pigv is the density of the ISM, v, is the velocity of the runaway star with
respect to the ISM, py, is the density of the stellar wind and vy, is the velocity of the
stellar wind. Assuming spherical mass loss, with mass-loss rate M,,, then at a radial
distance r from the runaway star, we have:

M

47_[7 . (1.6)

PwOw =
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The combination of the Equations 1.5 and 1.6 gives the Baranov, Krasnobaev, and
Kulikovskii (1971) (BKK) solution, which is given as:

My sy

_wiw 1.7
471015\ V2 17

Rsop =

The thin-shell analytical approximation for the shape of a bow shock, which is as-
sumed to be infinitely thin and whose size is characterized by the Rsop was derived
by Wilkin (1996) and its referred to as the Wilkin analytic solution which is given as:

R(G):RSOD( ! ) 3(1— o ) (1.8)

sin 0 tan 6

where 0 is the angle measured in degrees from the axis of symmetry in the direction
of motion of the runaway star and extends towards the tail, while tracing the contact
discontinuity (represented by the blue line in Figure 1.6). These solutions of Bara-
nov, Krasnobaev, and Kulikovskii (1971) Equation 1.7 and Wilkin (1996) of Equation
1.8 have been used for decades by various authors (e.g., Comerén and Kaper 1998;
Mohamed, Mackey, and Langer 2012; Meyer et al. 2014, and many more). However,
Scherer et al. (2016) stress that this is a poor approximation, and supports arguments
discussed in Zank (1999) about the unreliability of this approximation. This thin
shell approximation is poor because in general the shock normal is not parallel to
the radius vector and simple geometry cannot reliably describe the contact discon-
tinuity (Scherer et al. 2016). Nonetheless In this Thesis we will also use this Wilkin
(1996) analytic solution because of its simplicity and for easier comparison, as it is
adopted by the majority of the previous work.

iMN > 1

FS =—p}
iMN < 1
CD—}
iMN <1

=
W
o ¥

EEE TEPEERTRE

iMN >

MD—»E/

{MN < 1

FIGURE 1.6: Sketch of the striicture of a hydrodynamic bow shock. The vertical black dashed
line is the stagnation line, which is the axis of symmetry of the bow shock, while the solid
black dot represents the runaway star at position (S). The abbreviations in this plot denote
the following: forward shock (FS), contact discontinuity (CD), reverse shock (RS), Mach disk
(MD), sonic line (SL) and Mach number (MN). [Adopted from Scherer et al. (2016)].

Most importantly, if the velocity of the star is subsonic relative to the ISM, we will
not have a bow shock, but if it is supersonic we will have a bow shock. In Figure
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1.6, FS separates the unshocked and the shocked ISM; CD separates the shocked ISM
and the shocked wind, and it acts as a barrier as that of a closed system, which al-
lows through it, the transport of energy but not mass, in addition, pressure on both
sides of CD is the same, while the density, temperature and velocity are some of
the quantities that are discontinuous; RS separates the shocked wind and the freely
expanding wind, MD separates the freely expanding wind and the tail, while SL
(MN = 1) separates the subsonic (MN < 1) and supersonic (MN > 1) fluid within
any of the shocked regions (Scherer et al. 2015; Scherer et al. 2016).

RS extends from the stagnation line where it is categorized as a normal shock to be-
come an oblique shock, which consist of a point where MN = 1, which is where the
sonic line is found. Further downstream away from this oblique shock surface, the
RS becomes parallel to the stagnation line. The velocity of the stellar wind from the
star jumps at the RS. When the supersonic freely expanding wind (where MN > 1)
transition to the shocked wind, we have a stronger RS when the transition is to the
subsonic region of the shocked wind (where MN < 1), and a weaker RS when the
transition is to the supersonic region of the shocked wind (where MN > 1), see
Scherer et al. (2015) and Scherer et al. (2016) for more details.

1.6 Previous numerical studies of bow shocks

To our knowledge, there has not been any hydrodynamic studies of bow shocks
formed by massive HVR stars with velocities 2 200 km/s. Even though such studies
have not been carried out, there have been other 2D and 3D hydrodynamic simula-
tions that involved high space velocities, for example ~ 150 km /s by Comerén and
Kaper (1998), ~ 70 km/s by Mohamed, Mackey, and Langer (2012) and Meyer et al.
(2014), ~ 350 km/s by Li, Bryan, and Quataert (2019) but for a typical asymptotic
giant branch (AGB) star, and ~ 160 km /s by Gvaramadze et al. (2019); while others
involved relatively lower space velocities, e.g., ~ 30 km/s by Mohamed, Mackey,
and Langer (2012) and van Marle, Decin, and Meliani (2014), ~ 50 km/s by Mackey
(2012), ~ 20 — 40 km /s by Meyer et al. (2014) and Green et al. (2019), ~ 4 — 16 km/s
by Mackey et al. (2015) and Mackey et al. (2016) and ~ 30 km/s by Mackey et al.
(2021).

The 2D hydrodynamic simulations by Comerén and Kaper (1998) and Meyer et al.
(2014) included thermal conduction, in addition to cooling. The key results of their
study showed that thermal conduction makes the bow shock broader and more sta-
ble with very little growth of instabilities, and that thermal conduction is only im-
portant for bow shocks around MS stars and not RSGs, because MS stars have higher
temperatures. Comerén and Kaper (1998) used cooling and heating proportional to
density and energy, while Meyer et al. (2014) used cooling and heating that was in-
terpolated linearly from the tables and/or functions of Hummer (1994), Wolfire et al.
(2003), Wiersma, Schaye, and Smith (2009), and Osterbrock (1989). In addition, the
growth of the bow shock instabilities agrees with Dgani, van Buren, and Noriega-
Crespo (1996) as shown in Figure 1.7 of the Meyer et al. (2014) models.
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FIGURE 1.7: (A) The effect of thermal conduction on the size, shape and structure of the bow
shock around a massive MS star. (B) Effect of mass-loss rate and space velocity of the central
star on the bow shock morphology around RSGs. In addition, the colorbar is the number
density in logarithmic scale in g /cm3, while the axes are in pc. [Credit: Meyer et al. (2014)].

The work by Mohamed, Mackey, and Langer (2012) was based on 3D hydro-
dynamic simulations of Betelgeuse’s bow shock as shown in Figure 1.8, they used
more detailed cooling at temperatures < 10* K which is appropriate for the winds
ejected by cool stars such as RSGs. They included processes associated with atoms,
molecules, cosmic rays, and dust grains, and studied the 3D morphology of the bow
shock, its evolution and the growth of instabilities (Mohamed, Mackey, and Langer
2012).

i=0 i=30 i =60 i =90
v i .

FIGURE 1.8: Bow shock simulations of Betelgeuse in 3D obtained in the same period of time,

for the space velocities 32 km/s (top panel) and 72 km/s (bottom panel). The bow shock

produced by the faster moving star is much smoother than the one on the top panel. [Credit:
Mohamed, Mackey, and Langer (2012)].
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The 2D magneto-hydrodynamic simulations of a RSG runaway by van Marle,
Decin, and Meliani (2014) included both cooling and the ISM magnetic field. The
key results were that the growth of instabilities (i.e., Kelvin-Helmholtz and Rayleigh-
Taylor) can be suppressed by the interstellar magnetic field even if it is a weak field
(van Marle, Decin, and Meliani 2014) (see Figure 1.9), which might explain why
some bow shocks observed around RSGs such as Betelgeuse do not show instabili-
ties. For cooling they used the so-called "exact integration method" from Townsend
(2009), and a cooling curve that was obtained using CLOUDY Ferland et al. (1998) for
a stellar gas at solar metallicity (van Marle, Decin, and Meliani 2014).

log10(rho)

-27‘.0 -25‘.0 -23.0-21.0-19.0
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FIGURE 1.9: Density of the circumstellar medium in g/ cm?® of a RSG moving with ~

30 km/s, showing the case where the instabilities are being suppressed by the interstel-

lar magnetic field (left) and the adiabatic case (right). [Credit: van Marle, Decin, and Meliani
(2014)].

The 2D hydrodynamic simulations by Gvaramadze et al. (2019), did not include
thermal conduction, even though the simulated bow shock is around an O-type star.
Their models of a bow shock around CPD — 64°2731 do not show any growth of in-
stabilities probably because the simulated bow shock is young (~ 1500 yr) as shown
in Figure 1.10, instabilities might develop at a later time. The cooling they included
was based on a function by Cowie, McKee, and Ostriker (1981), and cooling due to
dust grains was not included because it is less important at temperatures ~ 10° K
where most of the energy is radiated (Cowie, McKee, and Ostriker 1981).
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FIGURE 1.10: Synthetic dust emission map of the circumstellar structure of the HVR O-type

star, CPD — 64°2731 moving with ~ 160 km/s, with traces of the astropause (AP) and bow
shock (BS). [Credit: Gvaramadze et al. (2019)].
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The 2D hydrodynamic simulations of a bow shock around a massive O-type star
by Green et al. (2019), also did not include thermal conduction and the implemented
cooling was similar to that used by Meyer et al. (2014). Synthetic images were pro-
duced to estimate the emission and brightness levels at different wavelengths, and
one of their key results is that there may be fluid build-up at the apex of the bow
shock when using 2D (see Figure 1.11) (Green et al. 2019).

Time = 0.14351 Myr Time = 0.10151 Myr Time = 0.07201 Myr
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FIGURE 1.11: Density of the bow shock around an O-type star moving with ~ 30 km/s,
showing growth of instabilities and fluid build-up in the 2D models at the apex. The density
and temperature are in g/cm? and K, respectively. [Credit: Green et al. (2019)].

The main results of 2D hydrodynamic models by Li, Bryan, and Quataert (2019)
is that high space velocities result in strong instabilities and reduce the size of the
bow shocks. In addition, the results also showed that models with cooling show
better agreement with observations of the Mira bow shock than the models without
it, as shown in Figure 1.12. For temperatures < 10* K, they did not include cooling
due to dust, they used rates based on Rosen and Bregman (1995) which only takes
into account neutral hydrogen. In addition, in their simulations, they mention that
cooling can drop the gas temperature to a minimum of 10* K. However, thisis a poor
approximation for the stellar winds of cool stars such as AGBs (which is what they
are modelling) and RSGs, because the winds of these cool stars have temperatures
of, ~ 100s K at a few stellar radii (Lamers and Cassinelli 1999).

The overall consensus from this previous work is that it is important to take into
account additional processes such as radiative cooling and thermal conduction in
bow shock simulations, because they significantly affect the bow shock morphology,
flow characteristics and the development of instabilities. However, most previous
studies did not include major processes necessary for cooling at lower temperature
< 10* K, and some did not mention in detail which cooling processes are taken
into account. Previous works also focused on lower velocities generally with only
a few exceptions like Li, Bryan, and Quataert (2019) and Gvaramadze et al. (2019).
However, in looking to better understand runaway star populations and to identify
(future) observations of bow shocks around stars with higher velocities, we need to
study the tail end of the runaway velocity distribution.
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FIGURE 1.12: 2D Mira models for space velocity ~ 125km/s without cooling (A) and with
cooling (B). [Credit: Li, Bryan, and Quataert (2019)].
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1.7 This work

In this work, we study HVRs with velocities 2 200 km /s, whose origin is supported
mainly by the dynamical ejection scenario (DES) as discussed in Section 1.4.2 for a
3-body exchange of a binary with a VMS or BH — basically the Hills mechanism
(Brown 2015, and references therein). These space velocities gained through this
mechanism depend mainly on how massive the single star/BH is that the binary
will interact with, because the more massive the single star/BH, the greater the ejec-
tion velocity. The most massive stars have masses in the range ~ 150 — 300 Mg
(Yusof et al. 2010; Vink et al. 2015, and references therein), and there is a possibility
of even more massive intermediate mass BHs due to BH mergers (Abbott et al. 2020)
in the disks of galaxies, so although they might be rare, the possibility of stars with
speeds 2 200 km /s is interesting to propose and investigate.

The main motivation is to present high-resolution 2D and 3D simulations of bow
shocks formed by these HVR stars with well-defined flow characteristics and thor-
ough instability studies. However, for simplicity, the simulations do not include the
effect of magnetic fields, stellar rotation and the presence of a companion, i.e., we as-
sume a single star scenario with solar metallicity and constant (non-evolving) stellar
and ISM parameters for each model.

In this work, we explore the space velocity by modelling the bow shocks of HVR
stars and investigate their morphology while taking into account the different evo-
lutionary phases of massive stars (MS and RSG), and different ISM phases (HIM,
HII region, WNM and CNM). We include radiative cooling and thermal conduction
similar to the work by Meyer et al. (2014), but implementing the Runge-Kutta Leg-
endre method for the thermal conduction (Vaidya et al. 2017), and a more detailed
radiative cooling from Ploeckinger and Schaye (2020) modified to be appropriate for
stellar wind bow shocks.

The investigations in this work aim to create the foundation of future work which
will involve investigating the possibility of observing bow shocks formed by 2
200 km/s HVRs. In addition, our simulations will be coupled with the latest evo-
lutionary models, to get more accurate and precise stellar parameters, and to inves-
tigate the effect of evolving stellar parameters. Ultimately the goal is to produce
synthetic images to guide observational identification of these systems and analysis
that will help in constraining the stellar wind and ISM properties.

1.8 OQutline

This Thesis is structured as follows: Chapter 2 provides the context and demonstra-
tion of the method used, including the details of the implemented radiative cooling
and thermal conduction. In Chapter 3, the assumed stellar wind and ISM parame-
ters that are used as initial conditions in the simulations are described. In Chapter
4, test results of the effect of thermal conduction, radiative cooling and space ve-
locity are presented and compared with similar previous work for slower-moving
runaway stars. In Chapter 5, the resolution test models and results for HVR stars
are presented. In Chapter 6, is the presentation of the results showing the effect of
different ISM phases and space velocities on the morphology of HVR bow shocks, in
addition to comparison of the 2D and 3D models. Chapter 7 summarises the overall
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findings together with concluding remarks. Appendix A, includes a description of
how different solvers work, Appendix B provides detailed test results of the effect
of the resolution, grid geometry and different solvers using a spherical stellar wind
model for exploring the numerics of PLUTO code. Supplementary plots are given in
Appendix C.
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Chapter 2

Methods

In this chapter, we outline how PLUTO ! v. 4.3, a magneto-hydrodynamics grid code
works, how it is structured and designed, focusing on the most important compo-
nents including the reconstruction, Riemann solvers and time-stepping, in addition
to how additional physics such as radiative cooling and thermal conduction can be
included. We outline the background of the physics of fluids, the numerical method
that we use to discretize and solve fluid equations, as well as its benefits and draw-
backs compared to other methods. We also give a brief overview of our PLUTO nu-
merics test results.

2.1 Hydrodynamics (HD)

In HD, the Newtonian framework is used to approximately describe the flow of flu-
ids. It is commonly used to solve fluid related problems in astrophysics because it
can be used to describe large scale processes of interest of astrophysical flows. HD
can describe a portion of the fluid system as a complete entity commonly referred to
as a fluid element, disregarding the fact that this fluid element is a collection of in-
dividual particles (e.g., atoms and electrons). In this work, we assume a fixed frame
of reference and an inviscid fluid that flows past this frame is described by the Euler
equations, which consist of the (Zingale 2013)

conservation of mass:

% 19 (v) =0, e
conservation of momentum:
a(gtv) LV (ow) + VP =0, 2.2)
conservation of energy:
a(gtE)—f—V~(pEV)+V~(PV):O, (2.3)

where p is the density, v is the velocity vector, P is the pressure and E is the total
energy divided by the mass, and it can be written as

1
E=e+ E|vyz, (2.4)

where in Equation 2.4, e is the specific internal energy and the last term is the specific
kinetic energy. The addition of an equation of state closes the Euler equations and

Thttp:/ /plutocode.ph.unito.it



Chapter 2. Methods 21

the gamma-law equation of state is the most commonly used one (Zingale 2013) and
is expressed as:

P =pe(y—1), (2.5)

where v = % for an ideal, monatomic gas.

2.2 Numerical methods

In this section, we explain in detail the numerical methods used at the heart of the
PLUTO code (Mignone et al. 2007), the primary simulation tool used in this project.
Since PLUTO is a grid code, we will first describe the benefits and drawbacks of grid
codes, followed by the description of its numerics.

2.2.1 Grid codes

There are many methods of discretization used in science and engineering, which
can broadly be divided into grid-based and gridless methods (Zingale 2013). Below,
we discuss the general properties of grid-based methods, followed by discussing
some of their strengths and weaknesses, while briefly comparing them to gridless
methods.

A grid is used in computations to represent continuous functions in a discrete man-
ner, where each cell /zone represents a fluid element (Zingale 2013). Structured grids
(Finite-Volume (FV) or Finite-Difference (FD) grids) are usually used in astrophysics;
they make it easy to represent the position of a cell and its variables in the grid by
a single integer index in any dimension (Zingale 2013). We can think of this numer-
ical grid as a finite number of zones in space at one or more discrete instances in
time used to represent a continuous equation in a discrete form (Zingale 2013). The
more zones used to represent the continuous equation, the better the accuracy, but
the more computationally intensive (for example, see Chapter 5 and Appendix B for
resolution tests). In a FV grid, an average in the cell whose volume is controlled by
the grid resolution is used to represent the discrete data (Zingale 2013).

Grid code advantages

e Structured grids are usually cartesian (Zingale 2013), this makes them simple
to use as each cell in the domain of the grid can be referenced by an integer
index even in higher dimensions (Mignone et al. 2007; Zingale 2013). For ex-
ample, in 1D the structure of the grid can be represented by a 1D array and in
3D by a 3D array.

* A set of continuous equations such as a system of partial differential equations
(PDEs) is transformed into a system of equations that are discretized onto the
grid (Zingale 2013). Meaning each cell of a grid represents a fluid element,
e.g., each cell in Figure 2.1 represents a fluid element. The FV grid similar to
Figure 2.1 is widely used in astrophysics because "conservation is a natural
consequence of discretization" (Zingale 2013).

* Eulerian grid methods are able to resolve and treat instabilities such as the
Kelvin—-Helmholtz or Rayleigh—Taylor instabilities, which are important for
dynamical structure formation in astrophysics, whereas gridless methods e.g.,
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Smoothed Particle Hydrodynamics (SPH) perform poorly when it comes to
these instabilities (Agertz et al. 2007).

e Grid codes can handle shocks and contact discontinuities well, in other words
they have good shock capturing ability (Agertz et al. 2007; Zingale 2013). In
SPH, for example, large particle numbers i.e., very high resolution is required
to do so (Rosswog 2009).

¢ Some gridless codes require 2-3 times as many particles as the number of zones
in a grid code, to have an equivalent resolution of the underlying physics
(Hubber, Falle, and Goodwin 2013).

Grid code disadvantages

¢ Unstructured grids, for example the Adaptive Mesh Refinement (AMR) grids,
cannot be easily represented by a multi-dimensional array.

¢ The grids cannot easily represent domains that are irregularly shaped (Zingale
2013).

¢ The fluid sometimes follows the shape of the grid (e.g., one can find square
stars or square stellar winds, especially at low resolution).

¢ For high accuracy one should use a Riemann solver which is computationally
intensive.

2.2.2 PLUTO code

PLUTO is a magneto-hydrodynamics grid code used for computational astrophysics.
It uses a structured grid and a FV method for discretization by default (Mignone
et al. 2007). It is designed to determine the solution of hypersonic flows in 1, 2 and
3 spatial dimensions in the following types of coordinate systems: CARTESIAN,
CYLINDRICAL, POLAR or SPHERICAL coordinates (Mignone et al. 2007; Mignone
et al. 2012). This code has a multi-physics module environment including a HD
physics module, along with multiple algorithms designed to treat hypersonic astro-
physical fluid flows in the presence of discontinuities (Mignone et al. 2007). This is
therefore a code suitable for modelling shock waves, hence its use in this project to
model bow shocks.

PLUTO code structure and design

PLUTO is designed in such a way that it integrates a general system of conservation
laws which can be written as (Mignone et al. 2007)

aal: +V-F(U) = S(U), (2.6)

where U is a column vector of conservative variables, F(U) and S(U) are both a
function of U and they respectively represent the flux vector and the source terms
(e.g., cooling and thermal conduction). This is basically a set of Euler equations in
conservative form as shown in Equations 2.1, 2.2 and 2.3; and without the source
term, Equation 2.6 can be written as:

aaltj +V-F(U) =0, (2.7)
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with
P pv
U= |pv|, FU) =| pvw+P |. (2.8)
pE pvE +vP

This is a compact way of representing the conservative laws and it can be solved
numerically using a Godunov-type method (Godunov 1959; Zingale 2013). PLUTO
code uses the improved version of this method; which is a typical shock capturing
method based on the reconstruct-solve-average strategy (Mignone et al. 2007; Zin-
gale 2013). For example, let’s consider a 1D Finite-Volume (FV) grid, as shown in
Figure 2.1.

L LI— T T
i—2 i—1 =Y ikl g4 i42

Ax

FIGURE 2.1: This is an example of a FV structured grid in one-dimension, where the grid
is divided into cells/zones and each zone contains the average value (as the shaded area)
of the function that is discretized. In addition, i is the index of the cell, Ax is the width of
the cell and (f); is the average in the zone i represented by the red horizontal line; and the
half-integers represents the interfaces of the zone. [Credit: Zingale (2013)].

The integration of Equation 2.7 in a 1D grid, as shown in Figure 2.1 such that
f =U,is given as:

At

Uttt =ur + E(FF% —F 1) (2.9)
where

v L e ma 2.10
i_Ax/§ (x,t")dx, (2.10)

1 tn+1
Fiy=y; /), FOG ) 2.11)

1 tn+1
Fioy =/, FlOG (2.12)

and where i represents a zone, (i — %) and (i + %) represent the zone edges, n is
the current time-step and n + 1 is the next time step. These fluxes in Equations
2.11 and 2.11 are determined by the Riemann solver; which results in well-behaved
treatment of discontinuities with high accuracy, but is computationally expensive
(Quirk 1994). In the PLUTO code, modern computationally efficient versions of the
Godunov method, e.g., the piecewise LINEAR reconstruction method, an approx-
imate Riemann solver and a Runge-Kutta multi-step time-stepping algorithm are
utilized (Vaidya et al. 2018).
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In simple terms, Figure 2.1 and Equations 2.7 - 2.12 illustrate that the quantity of
a variable within a certain volume in a cell can change only as a result of the fluxes
of that variable across the cell interface, which acts as a bounding surface between
two different cells (Choudhuri 1998; Agertz et al. 2007). This is one of the things that
forms the basis of the Godunov method (Godunov 1959). Figure 2.2 shows the flow
diagram of how the Godunov-type code is devised.

Flow diagram for the PLUTO code

To find the state vector of conservative quantities U, and to find its volume average,
PLUTO by default uses a Finite-Volume-Method (FVM) (Vaidya et al. 2018) e.g., Fig-
ure 2.1. The volume averages of the conservation quantities U are then converted
into primitive variables denoted as V (i.e., U — V as shown in Figure 2.2); the right
(R) and left (L) states of the cell/zone are then interpolated /extrapolated by the re-
construction technique, this process is called reconstruction (V — V;, ey VF% r)

and it creates a Riemann problem, where (i — %) and (i + %) represents the cell’s left
and right interface, respectively as shown in Figure 2.1.

The Riemann solver then solves the Riemann problem between the left and right
states of an interface to compute the flux (F) at the interface of the cell (i.e., V, 1L Vi, 1R
—F, 1 ). Then the solution is advected in time by the time-marching method as fol-
lows: Ul = U" — % (Fi+% — FF% ), and then it loops again and again until the last
time-step. In this paragraph, U" = U, where n is the current time, At is the time-
step, Ax is the cell size which is determined by the resolution. The FVM can be eas-

ily applied in multiple dimensions, and it can handle discontinuities well (Mignone,
Plewa, and Bodo 2005; Zingale 2013) .

Set of conservation laws:
WL V.FU) =0
( o N e a
Reconstruction I: Reconstruction II:
a. L U =V ) Vi = Viior, Viti/or
8 |
Q
— ( : : 0 s B
Update: Time stepping Riemann solver:
AU?H = U - R(Vi-1/2r, Vic1/21) = Fii1p2
L s (Fip1o — Fip) ) | R(Vis1/2r, Vizr/ar) = Fipgo

|
[ Output j

FIGURE 2.2: Flow diagram showing the most important steps PLUTO takes to arrive at the

solution. U and F are the vector of conservative variables and the corresponding vector of

fluxes, At is the times-step, Ax is the cell size, n is the current time. The subscript i is the

integer that represents the cell and the half-integers represents the cell interface as shown in

Figure 2.1, and R is the operator that represents a Riemann solver. R and L are the left and
right interface states, respectively.
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2.2.3 Reconstruction

In numerical methods, reconstruction is the process used to convert the conservative
variables in the cell to primitive variables, and then use these primitive variables to
compute the left and the right states of the cell interface to set up a Riemann prob-
lem. This procedure is carried out in each cell for all the cell edges. Since PLUTO
uses the FVM, the left and right interface states are predicted via the interpolation
and/or extrapolation from the average value of the variable in the cell (Mignone
et al. 2007). The available options for reconstruction methods in PLUTO are FLAT,
LINEAR, WENO3, LimO3 and PARABOLIC reconstruction (Vaidya et al. 2018). In
this work, we focus only on the LINEAR reconstruction method because it is more
robust and efficient than the other methods.

Reconstruction sets the spatial order of integration, which may be first-order, second-
order or third-order depending on the reconstruction method used (Mignone et al.
2007; Vaidya et al. 2018). It is usually easier to use primitive variables to determine
the interface states because of their simpler characteristic structure. While conserva-
tive variables can result in unphysical values such as negative densities after apply-
ing a limiter (see following subsections) (Zingale 2013), which is why PLUTO con-
verts the conserved variables to primitive variables before computing the interface
states, and these predicted interface states are used as inputs to the Riemann solver
(Zingale 2013).

LINEAR reconstruction

LINEAR reconstruction is basically a piecewise linear reconstruction applied to prim-
itive variables (Zingale 2013; Vaidya et al. 2018). After converting conservative vari-
ables to primitive variables, the average of the data in the cell is approximated by a
line (see red lines/curves in Figure 2.3) which has a non-zero slope (Zingale 2013).
This method uses a Taylor expansion to construct the interface states, through the
use of half of the cell size in order to bring us to the interface and half of the step-
size in order to bring us to the midpoint in time (Zingale 2013). From this Taylor
expansion we get the interface states, and since the truncated errors in this method
are O(Ax?) and O(At?), then this reconstruction method is second-order accurate
both in space and time (Zingale 2013).

[~

T T T T T T T
i—2 i—1 i i+ 1 i+ 2

FIGURE 2.3: Linear reconstruction for a FVM, where the gray horizontal line is the cell av-

erage, the red lines are slopes obtained after the reconstruction, with the (solid-red-line) and

the (dotted-red-line) representing the limited slope and the unlimited slope, respectively.
[Credit: Zingale (2013)].

Limiters

A second-order reconstruction method, like the LINEAR reconstruction, is likely to
show oscillations in the solution especially when dealing with initial discontinuities.
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Applying a limiter makes sure that these oscillations are not introduced during the
integration process (Zingale 2013). When dealing with an initial discontinuity with-
out limiting (see Figure 2.4 for a discontinuity that moves from left to right of the
grid), there is an overshoot and an undershoot behind and ahead of the discontinu-
ity, respectively, that forms after the first step and this is propagated further away
from the discontinuity when more and more steps are added in the integration pro-
cess (Zingale 2013). We can think of this overshoot and undershoot as the oscillations
that develop from using the second-order method, however, when dealing with an
initial discontinuity with limiting, the solution is much narrower with less or no
oscillations around the initial discontinuity during propagation (Zingale 2013).

T T T T
i—2 1—1 i 1+1 1+ 2

(A) Initial discontinuity
arises.

T T T T
i—2 t—1 i i+ 1 i+ 2

(B) Propagation without
limiter

i-2 i1 i i+l it2
(C) Propagation with lim-
iter

FIGURE 2.4: For a fluid propagating from left to right of this 1D grid. In (A) we see a rise

of a discontinuity at regions of cells i — 4 and i — 3. In (B) we see overshoot at cell i — 2 and

undershoot at i 4 2 after some step(s) of fluid propagation. In (C) there is no overshoot and
undershoot because a limiter is applied. [Credit: Zingale (2013)].

These plots, in Figure 2.4, suggest that when dealing with discontinuities it is
best to use limiting, since reducing the slope near the extrema and minimum is its
main purpose (Zingale 2013). This is why limiting "kicks-in" near strong gradients
(Zingale 2013), which is around where discontinuities form.

In PLUTO, the following limiters are available for LINEAR reconstruction, arranged
from most diffusive to least diffusive: FLAT-LIM, MINMOD-LIM, VANALBADA-
LIM, OSPRE-LIM, VANLEER-LIM, UMIST-LIM and MC-LIM (Vaidya et al. 2018),
and some of these limiters are mentioned in LeVeque (2002) as popular choices of
limiters, for example, the MINMOD-LIM.
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MINMOD-LIM

In this work we use MINMOD-LIM, one of the most widely used owing to the fact
that it is the least expensive limiter that can handle discontinuities well and although
it is one of the most diffusive limiters, it is second-order accurate (LeVeque 2002;
Zingale 2013; Vaidya et al. 2018). See Zingale (2013) for a detailed description of this
limiter.

As an example of how this limiter works, briefly, we first construct the gradients
in the interface states of a cell i with width Ax in 1D as shown in Figure 2.3 for a set
of conservative variables represented by Equation 2.7 as

) _ MINMOD(
ox li

U-U_ Uy, - U
e ) @13

then we have

my if |my| < |my| and my - my > 0,
MINMOD (my,mp) = § my  if |ma| < |mq| and my - my > 0, (2.14)
0  otherwise.

If the limiter is not used, the slope for cell i will just be given as

U Uy —-Uy

oxli— 28x @15)

so the solid-red-lines in Figure 2.3 are due to Equations 2.13 - 2.14, while the dotted-
red-lines are due to Equation 2.15.

2.24 Riemann solver

In numerical methods, a Riemann solver is used to compute the flux at the cell in-
terface, by using the left and right states of that interface computed by a reconstruc-
tion method (e.g., LINEAR as described above) (Mignone et al. 2007; Zingale 2013;
Vaidya et al. 2018). In other words, in a Godunov-type method as shown in the flow
diagram in Figure 2.2, the Riemann solver uses the output information from recon-
struction which basically creates a Riemann problem, as inputs, to compute the flux
of the interface (Zingale 2013) as shown in Figure 2.5. These fluxes are going to be
used to update the solution using a time-stepping algorithm (Mignone et al. 2007;
Zingale 2013), for example, see equations 2.9 - 2.12 and the update note in the flow
diagram of Figure 2.2.
FU™™

Tit1/2
—

. n+1/2 n+1/2 :
Ui U X | XU s Ui

i it/ i+1
1 1
FIGURE 2.5: The Riemann solver uses the left and right interface states Ul,n:f L and Ul,n:lz R
27 27

1
which were found by the reconstruction method to find the interface flux F (U?jﬁ ), for a
2

1
finite volume update of the form Uf“ =ur+ 4 (Fn 2

1
P+ & (F — ). [Credit: Zingale (2013)]
2 2
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A Riemann problem is the only non-linear fluid flow problem that is simple
enough to allow for the solution to be determined at every cell edge for every time-
step (Woodward and Colella 1984). The disadvantage is that a Riemann solver intro-
duces complexity into the Godunov-type method and this complexity can decrease
the efficiency of computation, (e.g., a first-order Godunov method requires twice the
compute time per cell per time-step when a Riemann solver is used compared to
when it is not used) (Woodward and Colella 1984). In addition, the complexity of
the Riemann solver is applied in each and every cell of the computational domain,
even though it is only needed near the discontinuities (Woodward and Colella 1984).

A Riemann solver is an important element for studying shock waves because one
of its qualities is that it allows for narrow discontinuities without unphysical os-
cillations (Woodward and Colella 1984). The non-linear Riemann solver proposed
by Godunov (1959), and further modified by Harten, Lax, and Leer (1983) Toro,
Spruce, and Speares (1994) and others, gives the most accurate representation of
shocks and their interaction (Woodward and Colella 1984). The PLUTO HD physics
module has the following solvers which are arranged from most accurate (i.e., least
diffusive) and least robust to least accurate (i.e., most diffusive) and most robust:
TWO-SHOCK, ROE, AUSM+, HLLC, HLL, and TVDLF solver (Mignone et al. 2007;
Vaidya et al. 2018). All of these available solvers in PLUTO were tested to deter-
mine which one gives the best solution for stellar wind models (see test results in
Appendix B). The next subsection discusses briefly each of these different Riemann
solvers (for a more detailed description of how each solver works, see Appendix A).
Some Riemann solvers have a valuable advantage called the positively-preserving
property (Miyoshi and Kusano 2005) also known as positively conservative (Batten
et al. 1997), which means the solver can maintain the initial positive densities and
pressure (Batten et al. 1997; Miyoshi and Kusano 2005).

Even though Riemann solvers yield sharp and monotonic profiles, they are sub-
ject to errors (T6th and Odstreil 1996). We can think of these errors as the instances
where the Riemann solver gives results that are unreliable, these instances include:
(1) expansion shocks (this is a non-physical solution which occurs when the entropy
condition is not satisfied by the Riemann solver (Quirk 1994)); (2) negative inter-
nal energies (this happens when some Riemann solvers want the Riemann problem
to be such that the dominant energy is kinetic rather than thermal (Quirk 1994)); (3)
slowly moving shocks (which can result in slow convergence to steady state (Roberts
1990; Quirk 1994)); (4) the carbuncle phenomenon (this usually happens when the
Riemann solver fails, resulting in a false solution whereby a bump grows ahead of
the bow shock along the stagnation line (Quirk 1994)); and (5) kinked Mach stems
(is when the Mach stem is inexplicitly kinked when dealing with the reflection of a
plane shock wave (Quirk 1994)).

In the following subsections, we describe briefly the properties of the individual
solvers, including advantages and disadvantages. In addition, the summary of indi-
vidual test results which illustrate the performance of each solver is also discussed.
How the individual solvers approach and solve the Riemann problem is shown and
discussed in Appendix A.
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TWO-SHOCK Riemann solver

The TWO-SHOCK solver is the most accurate Riemann solver available in PLUTO. It
solves the Riemann problem almost exactly at every interface, and it is usually com-
putationally intensive (Vaidya et al. 2018). This solver uses a two-shock approxima-
tion of the Riemann solver to solve the Riemann problem, and Godunov-type codes
have largely used this approach (Rider 1999; Mignone, Plewa, and Bodo 2005).

ROE Riemann solver

The ROE solver solves the Riemann problem approximately by making use of the
linearized Roe Riemann solver, which is based on the characteristic decomposition
of the Roe matrix (Vaidya et al. 2018). This Roe Riemann solver uses a "Property
U" matrix to retain features of the exact solution by not altering the interface states
before solving the Riemann problem (Roe 1981). It was built to provide information
needed for high accuracy, but it does not have a naturally constructed entropy con-
dition, which is one of its theoretical disadvantages (Roe 1981; Quirk 1994). Another
disadvantage is that any linearized approximate Riemann solver cannot guarantee a
positivity-preserving conservative scheme (Batten et al. 1997; Miyoshi and Kusano
2005), because the linearization of the Riemann problems for Euler equations can
sometimes result in negative densities (Miyoshi and Kusano 2005).

AUSM+ Riemann solver

The Advection Upstream Splitting Method Plus (AUSM+) solver (Foo et al. 1995)
is a sequel and basically the improvement in accuracy, efficiency and robustness
of the original AUSM solver which was first proposed by Liou and Steffen (1993).
This solver is only available for PLUTO’s HD physics module (which is the assumed
physics of this work) (Vaidya et al. 2018), and it is as robust and accurate as the
Roe Riemann solver (Liou and Steffen 1993). Without any difficulties (such as the
lack of positivity conservative scheme (Batten et al. 1997) by other solvers), it gives
the correct solutions for a broad range of flow conditions as well as a wide range
of grids (Liou and Steffen 1993). Most importantly the AUSM+ solver is accurate,
reliable and can capture stationary shocks (Foo et al. 1995). The improved proper-
ties of AUSM+ over the original AUMS are: (I) It can give exact resolution of one-
dimensional discontinuities (Foo et al. 1995). (II) It maintains scalar quantities (e.g.,
density) using its positivity-preserving property (Foo et al. 1995). (III) It does not
experience carbuncle phenomenon (Foo et al. 1995). (IV) There are no oscillations
for shocks that are propagating at very low velocities (Foo et al. 1995). (IV) The
algorithm is much simpler and can be easily extended to handle other hyperbolic
systems (Foo et al. 1995).

HLL solver

Harten-Lax-van Leer (HLL) denotes a class of approximate Riemann solvers in-
vented by Hartex, Lax and van Leer for solving the Euler equations of inviscid gas
dynamics (Harten, Lax, and Leer 1983; Batten et al. 1997). HLL is a computation-
ally efficient, easy to use solver in a Godunov-type code which does not require a
full characteristic decomposition of the equations (Mignone and Bodo 2005), and it
assures a positively conservative scheme (Miyoshi and Kusano 2005). The disadvan-
tage of this solver is that it is dissipative and cannot resolve isolated discontinuities
(Toro, Spruce, and Speares 1994; Mignone and Bodo 2005), because it uses only one
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intermediate state to approximate the Riemann problem, which results in the solu-
tion having fewer details (Batten et al. 1997).

HLLC solver

Harten-Lax-van Leer Contact (HLLC) where C represents contact wave is also an
approximate Riemann solver like the HLL, but with the ability to handle contact
discontinuities better than the HLL solver (Mignone and Bodo 2005; Vaidya et al.
2018). HLLC was constructed by Toro, Spruce, and Speares (1994) improving the
original HLL so that it is less dissipative, and it can resolve isolated discontinuities
(Miyoshi and Kusano 2005). In addition, its solutions are comparable to the exact
Riemann solver solutions (Batten et al. 1997) and like the HLL, the HLLC is also
efficient (Miyoshi and Kusano 2005) and positively conservative (Batten et al. 1997;
Toro, Spruce, and Speares 1994).

TVDLF solver

The Total Variation Diminishing Lax-Friedrichs (TVDLF) scheme is a solver that uses
a simple Lax-Friedrichs scheme to compute the interface flux (Vaidya et al. 2018).
TVDLEF is the most dissipative solver available in PLUTO (Vaidya et al. 2018) and as
a result, it yields solutions that are often smooth (Yee 1994; T6th and Odstréil 1996),
which makes it poor in resolving discontinuities. TVDLF can be applied to any sys-
tem of conservation laws because it does not need knowledge of the characteristic
wave since it does not use a Riemann solver, this makes it relatively faster (com-
putationally inexpensive) (Yee 1994; T6th and Odstrcil 1996). In addition, TVDLF
is robust, and its solutions are consistent with Riemann solver-type TVD schemes
(Toth and Odstr¢il 1996). It may be limited to second-order accuracy and at this ac-
curacy it uses a limiter and the Woodward limiter is preferred (Téth and Odstr¢il
1996), but for consistency in comparison for our simulations the MINMOD limiter
will be used.

Summary of the solver test results

Each of the solvers were tested individually using simulations of a spherical stellar
wind outflow of an AGB star, at a resolution of 128 x 128 x 128 for a 40 x 40 x 40 AU
computational domain (see test results in Appendix B). The simulations were com-
pared to the density, temperature and velocity of the analytical solution of an AGB
star’s wind from Gawryszczak, Mikotajewska, and Rézyczka (2002). The tests were
performed for each solver and for each of the coordinate systems, i.e., cartesian,
spherical and polar-cylindrical coordinate systems.

Our test results suggest that all these solvers in cartesian and polar-cylindrical co-
ordinates have approximately the same efficiency, but not in spherical coordinates
where the ROE and the TVDLF solvers are the least and most efficient, respectively.
The 2D density, temperature and velocity maps of the simulations looked the same
regardless of the solver used, as such, we used 1D profiles to compare the models
obtained using each solver to the analytic solution, and to other solvers.

The results of the 1D profiles showed that all the solvers agree well with the ana-
lytic solution at smaller distances and equally diverge from the analytic solution at
larger distances. In addition, all these solvers seem to match the analytical solution



Chapter 2. Methods 31

to the same degree, but overall, it was clear that the TVDLF solver is the best per-
forming solver with better agreement for the density, temperature and velocity, and
it is the most efficient with respect to the spherical coordinate system.

Another thing to note, is that the TWO-SHOCK solver seemed to be inapplicable
for these stellar wind models in any coordinate system. It was always returning a
negative density while converting between conservative and primitive variables at
the beginning of every simulation. The ROE solver was inapplicable for the polar-
cylindrical coordinate system because the time-step was too small. See Appendix B
for more details about the solver test results.

2.2.5 Time-stepping method

Time-stepping methods are used to advect in time the solution obtained after solv-
ing the system of conservation laws (see update node in Figure 2.2). When using
a grid code, these time-stepping methods update the solution in time from cell to
cell based on the fluxes through the interface of the cells (Zingale 2013). The fluxes
were determined by the Riemann solver by using the interface states which were
determined by the reconstruction method; so time-stepping is the final step in the
Gudunov method (Godunov 1959).

In PLUTO, the time-stepping methods used are explicit forward Euler because the
next time solution depends on the previous time solution, which makes them con-
ditionally stable (Vaidya et al. 2018). These methods from least accurate to more
accurate, and from least expensive to more expensive are: (1) the EULER method,
(2) the second-order Runge-Kutta (RK2) method, (3) the third-order (RK3) method,
(4) the HANCOCK methods, (5) the CHARACTERISTIC-TRACING. These methods
can be used in a dimensionally split or unsplit grid (Vaidya et al. 2018), however, in
our simulations we use a dimensionally unsplit grid because according to Vaidya
et al. (2018), it avoids errors that occur due to strong operator splitting (Strang 1968),
which is used by the dimensional splitting schemes to solve equations that are in
multi-dimensions by a sequence of one-dimensional problems.

It is much more accurate to use the dimensionally unsplit compared to the dimen-
sionally split scheme (Zingale 2013; Vaidya et al. 2018), because in the unsplit scheme,
the update is done simultaneously in all the directions, but there is a reduced range
of stability (Gottlieb and Shu 1998; Zingale 2013).

Courant Friedrichs Lewy (CFL) condition

The CFL number is used to control the time-step length (Zingale 2013; Vaidya et al.
2018), and in every time-stepping method it must always be less than one, or even
lower in higher dimensional systems and/or dimensionally unsplit systems for sta-
bility reasons (Beckers 1992; Vaidya et al. 2018), i.e., if the information propagates
faster on the computational domain to an extent that it skips some grid elements,
then the scheme becomes unstable (Zingale 2013). PLUTO uses an upwind method
and in 1D or a dimensionally unsplit grid, the CFL < 1. This ensures no cells are
skipped because with this condition the time-step will be less than the time taken
by the information to travel across one cell (Zingale 2013). It is wise to always use
0 < CFL < 1 to guarantee stability what ever the restrictions (which may be related
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to dimensions and/or time-stepping method), but yet this does not guarantee accu-
racy (Beckers 1992; Mignone et al. 2007; Zingale 2013; Vaidya et al. 2018).

In order to see how the CFL value works, let’s again consider an 1D integration

equation of the form:

oa oa

o Tis. =0, (2.16)
where a(x, t) is some scalar quantity which is advected at a speed u, then the CFL
value will be given as and be stable if (see Zingale (2013) for more details)

<1 (2.17)

Second-order Runge-Kutta (RK2) time-stepping

RK2 is used to evolve the solutions in all our models because unlike the other time-
stepping methods it works in all coordinate systems; in all the different dimensions;
in dimensional split or unsplit grids and works with all the different solvers (Vaidya
et al. 2018). Like the EULER and RK3 methods, RK2 is a multi-step algorithm which
is less diffusive than the EULER but slightly more diffusive than the RK3. Unlike the
RK2, the HANCOCK and the CHARACTERISTIC-TRACING methods are single-
step methods which involve the use of Taylor expansion and also require the primi-
tive formulation of the equations (Vaidya et al. 2018). These two methods are stable
under CFL condition < 0.5 and are more computationally expensive than the RK2
and less diffusive because they are not multi-step algorithms (Vaidya et al. 2018).

RK2 estimates the slopes based on extrapolations of both the midpoint and endpoint
of the interval, and it uses the weighted mean of the slopes to evolve the solution
(Zingale 2013). RK2’s accuracy depends mostly on the time-step choice, the smaller
the step-size the better the accuracy (Zingale 2013, and reference therein). The same
reconstruction of the interface states and solving of the Riemann problem happens
at every stage of this RK2 integrator (Zingale 2013). The time-step is more restrictive
when using Runge-Kutta for the time-discretization of a multidimensional system
which requires 0 < CFL < 1/ Ngim, Where Ngin, is the number of dimensions in an
unsplit grid (Titarev and Toro 2004; Zingale 2013; Vaidya et al. 2018).

To see how PLUTO uses the RK2 time-stepping method, let’s consider a set of con-
servation laws as shown in Equation 2.6 and rearrange it so that we have :

ou
o -V -F(U) +S(U), (2.18)
If At" = t"t1 — " is the time between consecutive steps and if £ represents the

right-hand side’s spatial operator (see Mignone et al. (2007) and Vaidya et al. (2018)
for more details), then using RK2 we can advance Equation 2.18 from U" to U""! as
follows:

U =U" 4+ At"L", (2.19)

Ul = _|ur+ut+ At”ﬁ*]. (2.20)

N =
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2.3 Additional physics

In PLUTO, additional physics such as radiative cooling and thermal conduction can
be included to the set of conservation laws represented by Equation 2.6 via the
source term S(U) in the energy Equation 2.3. If we let ¥(A,T') represent the ra-
diative transfer and F, represent the classical thermal conduction flux (Cowie and
McKee 1977; Balsara, Tilley, and Howk 2008; Vaidya et al. 2017), then we can write
the energy Equation 2.3 as

E)(gtE) +V - (pEv)+V - (Pv) =¥Y(AT)+V-F, (2.21)

such that
Y(A,T)=T(T,nyg) — A(T,ny), (2.22)
F. =«VT, (2.23)

where T is the temperature, ny is the number density, A is the cooling rate, I' is
the heating rate and « is the thermal conduction coefficient. If Y(A,T) <0, cooling
dominates and if ¥(A,T’) > 0, heating dominates.

2.3.1 Radiative cooling and heating

Radiative transfer is an important process when modelling bow shocks; it deter-
mines the heating and cooling of the materials that make-up bow shocks, in other
words, it determines the material temperatures and the emission of the bow shock.
This means radiative transfer plays a major role in determining the morphology of
the bow shocks as well as the emission properties such as observable wavelengths,
because the emitted photons are linked to the composition and physical properties
of the sources (Ploeckinger and Schaye 2020). In addition, radiative transfer in any
system, including bow shocks, can only be described using properties of matter at
an atomic and molecular level (Wiersma, Schaye, and Smith 2009; Ploeckinger and
Schaye 2020).

We implement radiative transfer that is associated with atomic cooling; molecu-
lar vibrational, collisional and rotational cooling; bremsstrahlung cooling; cosmic
ray heating; compton cooling/heating; dust grain cooling/heating and radiation
heating from the HVR star. We modify the radiative cooling and heating tables
from Ploeckinger and Schaye (2020), such that important processes applicable to
the bow shocks of cool and hot stars are as mentioned in Table 2.1, i.e., Collisional
Ionization Equilibrium (CIE) processes and photoionization processes, respectively.
The latter processes are used to construct the radiative cooling curves as shown in
Figure 2.6 for CIE (top) and photoionization (bottom). In addition, heating is the
major difference between the photoionization and CIE curves, since at lower tem-
peratures (T < 10* K), heating in cool stars is dominated by dust grains and in
hot stars is dominated by photoionizing radiation of a typical O-type star, then for
cool stars, additional heating due to dust is added by using equation C15 and C5 of
Wolfire et al. (2003) along with parameters from Table 2 of Wolfire et al. (2003) for
R = Ry = 8.5Kpc (distance corresponding to the position of the Sun in our Galaxy),
such that equation C15 and C5, respectively reduces to
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1.1 x 10~ ®ny

073 lerg ecm 371, (2.24)
1432 x 10*2((T/100K)1/2/ne x 0.5)

1—‘clust =

and
ne = 6.8 x 1073(T/100K)/* [em™3)]. (2.25)

For hot stars, additional heating due to photoionization of pure H is added using
equation (2.2) of Osterbrock (1989) as

3 3
1—‘Oftypestar = ne”p“BEkTeff [erg cm 35 1]/ (2'26)

where ne = np = ng =1 cm 3, k is the Boltzmann constant, T is the effective tem-
perature, ag is the coefficient from Table 1 of Hummer (1994), and the mean energy
due to a typical O-type star is (3kTeg) ~ 5 eV (Meyer et al. 2014; Green et al. 2019).

Cool stars have low temperature and high density dusty winds, that are composed
of molecules such as CO whose density can be thought of as being proportional to
the density of the wind (Lamers and Cassinelli 1999). The collisions of CO with H»
causes collisional excitation of the rotational levels of CO, and absorption of lower
wavelength photons causes photo-excitation of the vibrational levels of CO. These
are some of the collisional, rotational and vibrational processes included in our CIE
cooling curve (Lamers and Cassinelli 1999). Hot stars have high temperature and
low density winds, and most of the atoms in the atmosphere of their winds are ion-
ized, and the temperatures are so high that molecules hardly form, so that in this
case photoionization dominates over CIE (Lamers and Cassinelli 1999). Hot stars
radiate high energy photons, which are absorbed by most atoms and electrons in
their atmospheres, as a result the outer atmospheres of these hot stars have a lot of
absorption lines (Sutherland and Dopita 1993; Lamers and Cassinelli 1999).

TABLE 2.1: Cooling and heating processes for Collisional Ionization Equilibrium (CIE) and

Photoionization.
‘ Label ‘ CIE Processes ‘
(A;T) atomic Cooling and heating due to elements: H, He, C, N, O, Ne, Mg, Si, S, Ca and Fe
(A5 T ) other processes Cooling and heating from collisions Hy,

Cooling from the rotations of the hydrogen isotope Deuterium,
Cooling from other molecules except for H, and HD,
Heating due to the dissociation of CO molecule,
Cosmic ray heating,

Cooling due to bremsstrahlung.

T qust Heating due to dust grains
‘ Label ‘ Photoionization Process ‘
(A;T) atomic Cooling and heating due to elements: H, He, C, N, O, Ne, Mg, Si, S, Ca and Fe
(A T) other processes Cooling due to bremsstrahlung,
Cooling and heating due to the compton effects.
Lo—typestar Heating due to photoionizing radiation from an O-type star

Note: This table was constructed using Ploeckinger and Schaye (2020).
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FIGURE 2.6: Radiative cooling and heating rates that were included in our models. The
solid curves show the contribution from heavy atoms, while the black dashed curve is the
contribution from hydrogen and helium. The purple dashed-dotted curve is the contribution
from molecular rotation, vibration and collision, in addition to processes associated with
cosmic rays, bremsstrahlung and compton effect. The yellow dashed curve is the continuous
net rate. [Top] Collisional Ionization Equilibrium (CIE) curve, where heating (red dashed
curve) is mostly due to dust grains. [Bottom] Photoionization curve, where heating (red
dashed curve) is mostly due to a typical O-type star.



Chapter 2. Methods 36

10—12
10™14 raas R L cevananeet
10716 -
_ 10—18 ITTLLLE
Tcn 10—20 .8
™ 10-22 A T n I ¥ —

|
€ 10-24 7/

I === |A|, ny=10"% cm~3, Cooling ;_—_\_._-‘
== = ||, ny=10"% cm~3, Heating
10732 — [Al, np=1cm™3

10-34| = Il ny=1cm™

s« A, nu=10*cm™3

[Fl, np=10%cm™3

10t 102 10® 10* 10> 10° 107 10%8 10°
Temperature T[K]

10—14
1018 et
7107200
—_ ;o ﬂ_\-
w10 22,"!'~~__~~ ,/ —\________—
o 1026 ”’ \\\\
9 // \\\
Q -28 . N S . ~ .
-;-10 > o \.N.N ‘/ \'_"—\‘K-’
" ~
Q 10730 === |A|, ny=10"3 cm~3, Cooling ~. ~
8 1g-32| — IMom=10cm, Heating e
bads |/\|l nH=1Cm_3 \-\
10734y = - M, nu=1ecm™3 '\.
= |Al, ng=103cm™3 .
1036 o ~
IFl, ny=103cm™3
10—38

10t 102 10° 104 10> 10°® 107 10®8 10°
Temperature T[K]

FIGURE 2.7: The corresponding separated cooling (blue) and heating (red) of the net rate
curve in Figure 2.6 with respect to number densities (ny), for both CIE (top) and photoion-
ization (bottom)



Chapter 2. Methods 37

1.4
1.3
1.2
1.1
31.0
0.9
0.8
0.7

0'8.0 0.2 0.4 0.6 0.8 1.0
ne/nH

10°
108
10’
10°
¥ 105
= 10
103
102
10!

10t 102 10%® 10* 10° 10° 107 10% 10°
T [K]

FIGURE 2.8: [Top] Mean molecular weight, 3, as a function of electron fraction, ne /ny. [Bot-
tom] The temperature divided by the mean molecular weight as a function of temperature.

2.3.2 Thermal conduction

We use PLUTO’s built-in Runge-Kutta Legendre method presented by Vaidya et al.
(2017) to compute the thermal conduction throughout the computational domain. It
is included only for models of hot stars, because bow shocks around hot stars have
a sufficiently large temperature gradient in the reverse shock (see Figure 1.6). This
large temperature difference between adjacent fluids drives the heat flux, because
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electrons move fast enough to transport energy from the hot medium to the nearby
cooler medium (Cowie and McKee 1977; Meyer et al. 2014, and references therein).

The thermal conduction term is determined by finding the solution of (Vaidya et
al. 2017)

IPE) o
—5- =V F (2.27)

The term V - F. is discretised using standard second-order finite difference (Vaidya
et al. 2017). For example, for cell i in a 1D grid as shown in Figure 2.1 we have

d B (Fc)z‘+% - (Fc)i—% 508
ax i~ Ax ' (2.28)
From Equation 2.28 we have,
A _ (kVT)ip1 = (kVT); s 52
ox “li Ax ’ (2.29)
since we are now focusing on a 1D grid, then
d K ox ‘ i+1 K ox ‘
5 Fe| = : > (2.30)

The temperature of the interface is determined from the adjacent cells across the
interface as (Mignone et al. 2012)

oT Ti1— T,
o) tmzdi 231
ox liv] Ax (.31)
and oT T =T,
i~ Li1
oy _ ) 2.32
ox li-1 Ax (2.32)
thus Equation 2.28 becomes
Tiq—T; Ti—T;
Ig| = G — (2.33)
ox li Ax ' '

This is an example of how thermal conduction is calculation in a 1D grid. A gener-
alised version is used in our multi-dimensional models.
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Chapter 3

Stellar wind and interstellar
medium parameters

In this chapter, we describe the initial conditions of the stellar wind and ISM used
to investigate the different bow shock models around HVR stars. In future, models
will be coupled to a stellar evolution code to get evolving wind parameters, how-
ever in this work the stellar wind parameters are fixed, and we consider two cases:
stars in the MS and RSG phase. Similarly, while we plan to consider stars moving in
a non-homogenous medium (with clumps, gradients, and other structures), in this
work we assume the ISM is homogenous and the four different phases, hot ionized
medium (HIM), H II region (HII), warm neutral medium (WNM), and cold neu-
tral medium (CNM) are described below. In addition, consideration of the effect of
magnetic fields is also planned for future work.

3.1 Wind model

TABLE 3.1: Stellar wind parameters adopted in our models.

| Evolutionary phase | My [Mo/yr] | vy [km/s] | Ty K] |
Main-Sequence (MS) 100" 1000™% | 2.5 x 104"
Red-supergiant (RSG) 106" 507 [ 25 %1037
References: [1] Lamers and Cassinelli (1999). [2] Osterbrock (1989). [3] Bennett
(2010).

Stellar wind parameters are very uncertain (Lamers and Cassinelli 1999; Vidotto
and Cleary 2020). We consider stars with mass in the range 8 Mo, S M < 25 Mg,
that is the star is assumed to be massive but not massive enough to become a Wolf-
Rayet star; in other words MS stars that can evolve to become RSGs, where the wind
mass-loss timescale is greater than the nuclear timescale (Maeder and Meynet 1987;
Davies and Beasor 2018). (Note, this is in the non-interacting/single, non-rotating,
non-magnetic, solar metallicity stellar evolution scenarios). For hot massive stars
that will evolve to the RSG phase, the mass-loss rate of the MS star is typically
1072 Mg /yr < My, < 1077 M, /yr (Lamers and Cassinelli 1999), and for the RSG
phase it is higher and in the range, 1077 My /yr < M, < 1072 Mg, /yr (Osterbrock
1989; Lamers and Cassinelli 1999). The value of the mass-loss rates used at the inner
boundary for the wind models in this work are given in Table 3.1.

Even though the mass-loss rates can at some point be the same for MS and RSG
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stars, because it also depends on the mass of the star and its luminosity (Oster-
brock 1989), the terminal velocity of the winds of hot and cool stars are very dif-
ferent: 1000 km/s < vs < 3000 km/s for hot stars (Osterbrock 1989; Lamers and
Cassinelli 1999), and 20 km/s < v < 50 km/s for cool stars (Osterbrock 1989;
Lamers and Cassinelli 1999; Bennett 2010). The velocity for the RSG wind is cho-
sen to be 50 km/s because this allows for larger bow shocks which are easier to
model at lower resolutions (the stand-off distance is greater than the internal stellar
wind in-flow boundary). The mass-loss rate and wind velocity selected for the MS
phase, results in bow shock radii at the lower end of the possibilities. In addition,
the outflow temperatures of hot OB-type stars are 2 x 10* K < Ty, < 3 x 10* K and
1000 K < Ty < 3000 K for KM-type stars (Osterbrock 1989; Lamers and Cassinelli
1999). As shown in Table 3.1, the selected values are typical for MS and RSG stars
and differ by an order of magnitude.

3.2 ISM model

TABLE 3.2: ISM parameters adopted in our models.

ISM phase | TK [ ngfem 3] |
Hot ionized medium (HIM) | 106 "**** | 0.005 "**’
H II region (HII) 104" 03"
Warm neutral medium (WNM) | 5 x 103 e 06"
Cold neutral medium (CNM) 102™° 30.0 "

References: [1] Draine (2011). [2] McKee (1995). [3] Spitzer (1990). [4] Ferriere (2001)
and references therein. [5] Klessen and Glover (2016) and references therein. [6]
Wollfire et al. (1995).

The ISM is the material found between stars (Draine 2011), it has different phases
depending on its temperature and density (e.g., see Table 3.2). The density of the
ISM plays a crucial role in the formation of bow shocks, because it determines the
ram pressure of the ISM which affects the Rsop as shown in Equation 1.7. Accord-
ing to Draine (2011), the ISM phases from lower to higher densities are the HIM, HII
region, WNM, CNM and the molecular gas (H;). The latter is not included in this
work because it has very high densities 100 < ny < 10° cm ™2 which will result in
very small Rgop values which will be smaller than the internal stellar wind in-flow
boundary in our model setup.

As discussed in Chapter 1, The HIM is typically produced by blastwaves such as
those from supernova explosions. It has temperatures T > 10°° K due to heating
by shock waves, and any ISM with temperature greater than this is referred to as
hot and also ionized, provided the density is very low about ~ 0.005 cm 2 (Spitzer
1990; McKee 1995; Ferriere 2001; Draine 2011; Klessen and Glover 2016). HII regions
are typically found around hot stars which emit high energy photons > 13.6 eV
which ionize the hydrogen in their surrounding medium, thus heating the gas to
temperatures ~ 10* K, and it has densities in the range 0.3 cm ™3 < ny < 10* cm ™2
(Draine 2011). The WNM is composed of neutral gas with temperatures in the range
5500 K < T < 8700 K and densities in the range 0.1 cm > < nyy < 0.59 cm ™2 ac-
cording to the standard models of Wolfire et al. (1995), this ISM phase is heated
by photoelectrons from dust and cosmic rays (Field, Goldsmith, and Habing 1969;
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Wolfire et al. 1995; Draine 2011; Klessen and Glover 2016). The CNM is also com-
posed of neutral gas. It is also heated by photoelectrons from dust and cosmic rays,
and its parameters are also in the range 41 K < T < 210 K for temperature and
42cm3 < ny < 80 cm 3 for density (Wolfire et al. 1995). The WNM and CNM
usually form a two-phase medium which is in pressure equilibrium and they are
typically found in cool clouds (Field, Goldsmith, and Habing 1969, and references
therein).

The various temperatures and densities selected for the different ISM phases as
shown in Table 3.2 are in the respective ranges as discussed in the paragraph above.
These temperature and density values will be used as initial conditions for the mod-
els with different ISM phases to explore the impact of the ISM on the physical prop-
erties of bow shocks, for example, the effect of ISM phase on the morphology, evo-
lution, size of the bow shock, the type of instabilities formed, and the time taken to
reach a steady state.
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Chapter 4

Runaway stars: Comparison with
analytic and literature studies

Given the setup and additional modifications we have made to the PLUTO code, it
is important to verify that the code behaves as expected through comparison with
exact analytic values where possible, or with similar calculations in the literature.
Some models from the literature use different types of numerical codes, e.g., Gadget
SPH (Mohamed, Mackey, and Langer 2012), MPI-AMRVAC (van Marle, Decin, and
Meliani 2014), PLUTO (Meyer et al. 2014), ENZO (Li, Bryan, and Quataert 2019) and
PION (Green et al. 2019). In this work, in addition to testing adiabatic models with
respect to the Wilkin (1996) solution for the size and shape of the bow shock, we also
compare models including thermal conduction and radiative cooling against similar
runs in Meyer et al. (2014) where the PLUTO code was also used.

4.1 The effect of cooling, thermal conduction and stellar evo-
lutionary phase on the bow shock structure

To investigate the effect of stellar evolutionary phase, cooling and thermal conduc-
tion, we ran MS and RSG runaway models with parameters and model setup similar
to that of Meyer et al. (2014) as shown in Table 4.1. The setup involves using 2D axis-
symmetric cylindrical coordinates, the internal boundary with a radius of 20 cells,
and the HLL solver. The models from Meyer et al. (2014) that we intend to com-
pare with are those with space velocity, v, = 40 km/s for a 10 M MS star, and
v, = 40 km/s and v, = 70 km/s for a RSG star; and the temperature of the wind
is Ty, = 2.52 x 10* K for the MS and T,, = 2.5 x 10° K for the RSG. Note that it was
not clear from the Meyer et al. (2014) paper which wind parameters were used since
they only state the approximate values using figures, (e.g., see Figure 3 of Meyer
et al. (2014)). The ISM is assumed to be WNM with density, ny = 0.57 cm 2 and
temperature T = 8000 K for the MS case, and T = 3300 K for RSG case.

For the analysis, we used the density jumps at the reverse shocks (which separates
the freely expanding wind and the shocked wind, see Figure 1.6) for which we know
that from the Rankine-Hugoniot jump condition, the jump factor of ~ 4 is expected
for the adiabatic case. We also use R(0°)/R(90°) (where R(0°) is the distance be-
tween the star and the contact discontinuity parallel to the direction of motion (i.e.,
along the apex), while R(90°) is similar to R(0°) but perpendicular to the direction
of motion, (see Equation 1.8)). The results for the different models are shown in Ta-
ble 4.2 and Figures 4.1 - 4.6, and the comparison of the cooling curve used in this
work to that of Meyer et al. (2014) in Figure 4.7.
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TABLE 4.1: Setup parameters for the MS and RSG runaway test mod-
els
EV Model Condition Vs Nyones X-axis y-axis

phase | name [km/s] [pc] [pc]
MS_40A A 40 700x700 | 0<x<04| -02<y <02

MS MS_40C C 40 700x700 | 0<x<04| -02<y <02
MS_40T TC 40 700x700 | 0<x<04| -02<y <02
MS_40CT | Cand TC 40 700x700 | 0<x<04| -02<y<02

RSC RSG_40C C 40 600 x600 | 0<x<14| -07<y<07
RSG_70C C 70 600 x600 | 0<x<14| -07<y<07

-0.1

—0.3 01 0.2

Note: The model setup is similar to Meyer et al. (2014), except for RSG_70C, which
is similar to RSG_40C but at 70 km/s in our case. Here EV=evolutionary,
A=Adiabatic, C=Cooling, TC=Thermal Conduction, N,ones is the resolution in

terms of the number of grid zones.

TABLE 4.2: Bow shock properties for MS and RSG runaways

Model | Density jump factor R(0°)/R(90°)
name at the reverse shock | Model value ‘ Wilkin (1996) solution ‘ % Error
MS_40A 3.9 0.612 0.577 5.9
MS_40C 4.1 0.589 0.577 2.1
MS_40T 7.0 0.603 0.577 49
MS_40CT 12.3 0.601 0.577 4.1
RSG_40C 3.6 0.509 0.577 11.9
RSG_70C 29 0.539 0.577 6.7

x 100%, where Ws is the Wilkin
(1996) analytic solution of R(0°)/R(90°) and Mwv is the model value.

The percentage error (% Error) is given by ‘ %

Cooling and
Thermal conduction
MS_40CT
t = 20.86 kyr
= = (Wilkin 1996)
R=0.1 pc

Adiabatic

MS_40A
t =29.33 kyr

Thermal conduction

MS_40T
t=17.14 kyr
= = (Wilkin 1996)

Cooling

MS_40C
t =29.33 kyr

0.1

0.0

: . 0.2 01 0.2 0.3
x [pc] x [pc] x[pc]
FIGURE 4.1: Density plots for the bow shocks produced by a 10 My MS star moving at 40
km /s with respect to the ISM of density, nyy = 0.57 cm 2 and temperature, T = 8000 K. The
stellar wind has vy, = 1000 km/s, My, =243 x1071 Mg /yr and Ty = 2.52 x 10* K. The
first, second, third and fourth column correspond to the models obtained with adiabatic,
cooling, thermal conduction, and cooling and thermal conduction conditions, respectively
(see Table 4.1). The black-curve corresponds to the Wilkin (1996) analytic solution, while
the vertical lines with length R = 0.1 pc are regions of cuts made to generate the Figure 4.2
profiles.
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FIGURE 4.2: Density profiles taken along the y-axis from 0 to 0.1 pc of the MS models shown
in Figure 4.1, where each color correspond to each cut in the 2D map. The grey vertical lines
separating different regions of the bow shock corresponding to the adiabatic model.

For the MS models, Figure 4.1 shows the effect of cooling, thermal conduction
and combination of both on the structure of the bow shock, and the comparison
with the Wilkin (1996) analytic solution. The R(0°)/R(90°) values in Table 4.2, sug-
gest that the bow shock with cooling agrees more with the analytic solution with
only a small percentage error of 2.1 % compared to other models which have higher
percentage errors. The model MS_40C in Figure 4.1 is a factor of ~ 1.1 smaller than
the model MS_40A, because cooling decreases the temperature, which decreases the
pressure of the wind, which then results in the decrease in the Rgop and as a result
the bow shock size is reduced. Model MS_40T in Figure 4.1 is larger by a factor of
~ 1.6 than the adiabatic model MS_40A, because thermal conduction will enable
the flow of electrons since the reverse shock of the bow shock of a hot MS star has
a large temperature gradient AT ~ 107 K, the electrons will have higher kinetic en-
ergy, and they will move fast enough to transfer energy from hotter to cooler regions
of the bow shock, thus increasing the size of the bow shock (Meyer et al. 2014, and
references therein). In Figure 4.1, model MS_40CT is larger than model MS_40A by
a factor of ~ 1.4 and MS_40C by a factor of ~ 1.7, because thermal conduction was
enabled, but it is smaller than model MS_40T by a factor of ~ 1.1 because cooling
was also included.

Table 4.2 also shows the density jump factor at the reverse shock (between the free
expanding wind and the shocked wind of models as shown in Figure 4.2) along the
apex of the bow shock for each model in Figure 4.1. From the Rankine-Hugoniot
jump conditions, we expect a density jump factor of ~ 4 for non-radiative shocks,
which fits in well with the adiabatic model MS_40A, which differs only by ~ 2%.
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FIGURE 4.3: Density plots for the bow shocks produced by a 10 M RSG star moving at

40 km/s (left) and 70 km/s (middle and right) with respect to the ISM of density, nyy =

0.57 cm~3 and temperature, T = 3300 K. The stellar wind has v,q = 10 km/s, My, =

7.02x1077 Mg /yr and Ty = 2.5 x 10° K. The black-curve corresponds to the Wilkin (1996)

analytic solution. Both plot (A) and (B) are obtained with radiative cooling included (see
Table 4.1). Plot (C) is a zoomed-in view of plot (B).
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For the RSG models, thermal conduction is not included because the temperature
gradient at the shocks are small AT ~ 10° — 10* K, (Meyer et al. 2014). Similar to Fig-
ure 4.1, Figure 4.3 shows the effect of space velocity (the velocity of the central star)
on the bow shock structure and comparing with the Wilkin (1996) analytic solution
with percentage errors shown in Table 4.2. From R(0°)/R(90°) in Table 4.2 of mod-
els RSG_40C and RSG_70C of Figure 4.3, increasing the space velocity of the star
reduces the bow shock size, because the ram pressure of the ISM increases, which in

turn decreases the Rsop. This suggests that we will have significantly smaller bow
shocks for HVRs compared to runaways.
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4.2 Comparison with the literature

To explore the similarities and differences between this work and the literature, we
ran 2D MS and RSG models with parameters similar to those of Meyer et al. (2014) as
discussed in the section above. The comparison of our models to that work (which
is fairly representative of other literature studies) is shown in Figure 4.5 and 4.6 for
the MS and RSG cases, respectively.

We have noticed the following similarities between our models and Meyer et al.
(2014). Firstly, the bow shock structure and flow characteristics are similar for the
respective evolutionary phases. Secondly, the cooling reduces the bow shock size
in both MS and RSG models. Third, for the MS models, thermal conduction makes
the bow shock larger. Fourth, the similarity is also in the Kelvin-Helmholtz instabil-
ities in the RSG models, whose growth is more significant for higher space velocities.

Our models differ from Meyer et al. (2014) as follows. Firstly, all of our bow shocks
are slightly smaller than those of Meyer et al. (2014), because the wind parameters
given in that work are approximations (see Figure 3 of Meyer et al. 2014), as such
it was very difficult to determine the actual values that they used. Therefore for
the purpose of comparing our models to that work, the wind density for the our
MS model that was adopted here is 5.88 x 1072 cm 2 which corresponds to M,
=243 x 1071 M, /yr and for the RSG model is 1 x 10> cm~2 which corresponds
to My, = 7.02 x 107 Mg /yr, and the wind velocities that were adopted where
vw = 1000 km/s and vy, = 10 km/s, for the MS and RSG, respectively; as a re-
sult, our models are slightly different to that of Meyer et al. (2014). Secondly, our
models including thermal conduction where run for a shorter time than the Meyer
et al. (2014) models due to their high computational cost; as a result, the tail of our
bow shock models is different to that of Meyer et al. (2014). Third, the cooling be-
tween our models and the literature is different at lower temperatures, T < 10* K as
shown in Figure 4.7, in Meyer et al. (2014) a lot of assumptions and extrapolations
were performed to obtain the net cooling rate, and heating due to Hy molecules
was not included; in our case, we included heating from both the dust grains and
Hy at lower temperatures for the CIE case; in addition, our photoionization cool-
ing curve is slightly different from that of Meyer et al. (2014) because they used ta-
bles from Wiersma, Schaye, and Smith (2009), while we used up-to-date tables from
Ploeckinger and Schaye (2020).

In addition to not having exact but approximate values of the initial conditions in
Meyer et al. (2014), some of the PLUTO code’s numerical prescription such as the lim-
iter and reconstruction methods, which are crucial to the simulation outputs such as
the definition of shock waves (see Chapter 2 and Appendix B for details) were not
mentioned in their paper. This resulted in the differences in the discontinuities and
instabilities than can be seen in the models of this work compared to that of Meyer
et al. (2014) as shown in Figure 4.5 and 4.6.
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Chapter 5

Bow shocks from MS and RSG
high-velocity runaways

In the previous chapter, we tested the setup and modifications made to the code for
2D bow shocks in the adiabatic, thermal conduction and cooling case. In this chapter,
we make further 2D tests investigating the effect of resolution on the bow shocks
formed by HVRs, both to aid resolution selection for the full parameter study, and
to inform the analysis of our results. We consider the MS and RSG phases of HVRs
moving with space velocity, v, = 200 km/s, through a uniform ISM of density ny =
0.57 cm~3, and perform the resolution tests for two conditions for each evolutionary
phase, i.e., the adiabatic and thermal conduction & radiative cooling for the MS case,
and adiabatic and radiative cooling conditions for the RSG phase. The initial and
boundary conditions are shown in Section 5.1. The results are discussed in relation
to the Wilkin (1996) analytic solution with the MS case in Section 5.2 and the RSG
case in Section 5.3. Further analysis and discussion is given in Section 5.4 and 5.5,
respectively, and the summary in Section 5.6.

5.1 Initial and boundary conditions

To explore the effect of changing the grid resolution given different evolutionary
phases (MS and RSG), and physical conditions (adiabatic, and thermal conduction
and/or cooling), we ran 2D models with resolution N ones = 64 x 64, 128 x 128,
256 x 256 and 512 x 512 as shown in Table 5.1 where all the models are axis-symmetric
in cylindrical coordinates. The external boundary range for the MS case is 0 < x <
0.2 pc for the x-axis and —0.1 <y < 0.1 pc for the y-axis, while for the RSG case it is
0 < x < 1.4 pc for the x-axis and —0.7 < y < 0.7 pc for the y-axis, with an internal
boundary radius of 20 cells. HLL is the solver of choice because of its robustness,
efficiency and shock capturing ability. These initial, external and internal boundary
conditions are similar to those in Meyer et al. (2014), except for the v,, and v.. See
Chapter 3 for the description of the wind and ISM models, where the ISM properties
are similar to those in Chapter 4.



TABLE 5.1: MS and RSG HVR resolution test models for ISM density 0.57 cm 2 and space velocity 200 km/s

EV | Model name | Nyones | Zone width | ~522 TC M, Vw Tw Tism
phase [pc] and/or C | [Mg/yr] | [km/s] K] K]
MS_A64 64 x 64 31x 1073 4 No 10~? 1000 | 25x10% | 8 x10°
MS_A128 | 128 x 128 | 1.6 x 1073 11 No 102 1000 | 25x10% | 8 x 103
MS_A256 | 256 x 256 | 7.8 x 10~ % | 21 No 102 1000 | 25x10% | 8 x10°
MS MS_A512 | 512x512 | 39x10°% | 40 No 1072 1000 | 25x10% | 8 x 103
MS_C64 64 x 64 | 3.1x107° 3 Yes 1077 1000 | 25x10% | 8 x 103
MS C128 [ 128 x128 | 1.6 x 1073 8 Yes 107 1000 | 25x10% | 8 x 103
MS_C256 | 256 x 256 | 7.8 x 10~ % 17 Yes 1077 1000 | 25x10% | 8 x 103
MS C512 [512x512 | 39x10°% | 32 Yes 1077 1000 | 25x10% | 8 x 103
RSG_A64 64 x 64 | 2.2x102 6 No 10-° 50 25x%x10° | 3.3 x 10°
RSG_A128 | 128 x 128 | 1.1 x 1072 15 No 10~° 50 25x%x10% | 3.3 x 103
RSG_A256 | 256 x256 | 5.5x 103 | 29 No 10~° 50 25x10% | 3.3 x 103
RSG RSG_A512 | 512x512 | 27x10°3 | 55 No 10~° 50 25x10% | 3.3 x 103
RSG_C64 64 x 64 | 2.2x 1072 4 Yes 10~° 50 25x%x10% [ 3.3 x 10°
RSG_C128 | 128 x 128 | 1.1 x 102 8 Yes 10~° 50 25x10% | 3.3 x 10°
RSG_C256 | 256 x 256 | 5.5 x 1073 16 Yes 10~° 50 25x10% | 3.3 x 10°
RSG_C512 |[512x512 | 27x10°3 | 34 Yes 10~° 50 25x10% | 3.3 x 10°

Where EV = Evolutionary, N ones is the number of grid zones, RE?CD
conduction and C = Cooling.

is the number of cells within the stand-off distance, TC = Thermal
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5.2 Resolution tests for bow shocks around a MS HVR

We present 2D density, temperature and velocity plots of the bow shocks in Figures
5.1, 5.2 and 5.3, respectively, which include both the adiabatic case, and the thermal
conduction and cooling case. We took a single cut through each of the bow shocks at

the apex (i.e., from 0 to 0.04 pc of the y-axis) and the resulting 1D profiles are shown
in Figure 5.4.
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FIGURE 5.1: Density plots at time, t = 4.89 kyr, for the bow shocks produced by MS stars

moving at 200 km/s, for the adiabatic case (top row) and for the cooling and thermal con-

duction case (bottom row) for grid resolutions, Nyones = 642, 1282, 256% and 5122 (the first,
second, third, and fourth column, respectively).
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FIGURE 5.2: Temperature plots at time, t = 4.89 kyr, for the bow shocks produced by MS

stars moving at 200 km/s, for the adiabatic case (top row) and for the cooling and thermal

conduction case (bottom row) for grid resolutions, Nyones = 642, 1282, 2562 and 5122 (the
first, second, third, and fourth column, respectively).
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FIGURE 5.3: Velocity plots at time, t = 4.89 kyr, for the bow shocks produced by MS stars
moving at 200 km/s, for the adiabatic case (top row) and for the cooling and thermal con-
duction case (bottom row) for grid resolutions, Nyones = 642, 1282, 2562 and 5122 (the first,
second, third, and fourth column, respectively). The orange curves with arrows are the
streamlines showing the fluid flow.
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FIGURE 5.4: Profiles extracted along the apex (from 0 to 0.04 pc along the y-axis) of the bow
shock of MS models at different resolutions of Figures 5.1, 5.2 and 5.3, for the adiabatic case
(top row) and for the cooling and thermal conduction case (bottom row). In the first, sec-
ond and third column are the density, temperature and velocity profiles, respectively. The
magenta vertical dashed lines separate different regions (freely expanding wind, shocked
wind, shocked ISM and unshocked ISM) of the bow shock structure for models with resolu-

tion Nyones = 5122 in each plot.
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5.3 Resolution tests for bow shocks around a RSG HVR

We ran similar tests for the RSG case, the 2D density, temperature and velocity plots
of the bow shock are shown in Figures 5.5, 5.6 and 5.7, respectively, which include
both the adiabatic case and the cooling case. As before, we took a single cut through
each of the bow shocks at the apex (i.e., from 0 to 0.2 pc along the y-axis) and the
resulting 1D profiles are shown in Figure 5.8.
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FIGURE 5.5: Same as Figure 5.1 for the RSG case. Density plots at time, t = 97.78 kyr, for the
bow shocks produced by RSG stars moving at 200 km/s, for the adiabatic case (top row) and
for the cooling case (bottom row) for grid resolutions, Nyones = 642,1282, 2562 and 5122 (the
first, second, third, and fourth column, respectively).
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FIGURE 5.8: Same as Figure 5.4 for the RSG case. Profiles extracted along the apex of the
bow shock of RSG models in different resolutions (i.e., from 0 to 0.2 pc along the y-axis)
of Figures 5.5, 5.6 and 5.7, for the adiabatic case (top row) and for the cooling case (bottom
row). In the first, second and third column are the density, temperature and velocity profiles,
respectively. The magenta vertical dashed lines separate different regions (freely expanding
wind, shocked wind, shocked ISM and unshocked ISM) for bow shock structure for models

with resolution Nyones = 5122 in each plot.
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5.4 Analysis of the HVR MS and RSG test models

To quantitatively investigate how the resolution affects the models, we focused on
the reverse shock, which is the region consisting of rapid changes in the physical
properties of the bow shock structures presented in Section 5.2 and 5.3. This region
separates the freely expanding wind and the shocked wind as shown in Figures 5.4
and 5.8. We also focus on the contact discontinuity which separates the shocked
wind and shocked ISM, as its radius can be approximated by the Wilkin (1996) ana-
lytic solution. The density jump and the temperature jump (AT) at the reverse shock,
in addition to the Wilkin (1996) solution, were used to explore the resolution effect,
and the results are shown in Table 5.2, and their respective plots in Figure 5.9.

TABLE 5.2: Quantitative analysis of the density and temperature pro-
files of Figure 5.4 and 5.8.

Approximate density
jump factor at reverse shock

Evolutionary Nyones Adiabatic Thermal conduction Ratio
phase and/or Cooling
64 x 64 12.8 8.4 ~ 0.7
MS 128 x 128 22.6 11.8 ~ 0.5
256 x 256 61.6 15.3 ~0.2
512 x 512 3.9 12.2 ~ 3.1
64 x 64 1.0 1.0 ~ 1.0
128 x 128 2.3 12.2 ~53
RSG 256 x 256 3.3 16.9 ~ 5.1
512 x 512 4.1 23.9 ~ 5.8
Approximate (AT [K])
at reverse shock
Evolutionary Nzones Adiabatic Thermal conduction Ratio
phase and/or Cooling
64 x 64 7.9 x 10° 6.6 x 10° ~0.8
MS 128 x 128 1.3 x 10 7.7 x 10° ~ 0.6
256 x 256 2.2 x 10 8.7 x 10° ~ 04
512 x 512 2.3 x 10 8.2 x 10° ~ 04
64 x 64 3.6 x 10* 1.3 x 10* ~ 04
RSG 128 x 128 4.8 x 10% 1.2 x 10* ~0.3
256 x 256 4.2 x10% 1.1 x 10* ~0.3
512 x 512 4.6 x 10% 9.4 x 10° ~ 0.2
Models compared to
Wilkin (1996) solution
Evolutionary Nyones Adiabatic Thermal conduction
phase and/or Cooling
R(0°)/R(90°) % Error R(0°)/R(90°) | % Error
64 x 64 0.203 64.8 0.203 64.8
MS 128 x 128 0.367 36.5 0.310 46.3
256 x 256 0.522 9.6 0.521 9.8
512 x 512 0.626 8.5 0.586 1.5
64 x 64 0.423 26.7 0.305 47.2.8
RSG 128 x 128 0.526 8.9 0.392 32.1
256 x 256 0.549 4.8 0.456 21.0
512 x 512 0.601 4.1 0.555 3.9

Nzones 15 the number of grid zones, Ratio is the value in the thermal conduction
and/or cooling case divided by the value in the adiabatic case. The definition of
R(0°)/R(90°) and the percentage error (% Error) are as in Table 4.2.
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FIGURE 5.9: The effect of resolution on the HVR models for the MS case (dots) and the RSG
case (stars), for both the adiabatic case (blue solid line) and thermal conduction and/or cool-
ing case (red dashed line). Note, the lines are only used to help differentiate between cases,
rather than represent continuous data. We have the effect on the density jump factor (top
plot), temperature jump at the reverse shock (middle plot) and contact discontinuity in com-
parison with the Wilkin (1996) analytic solution R(0°)/R(90°) = 0.577 (bottom plot). See
the analytic solution on the 2D maps in Figures C.1 (for the MS case) and C.2 (for the RSG
case) of Appendix C.1. Please note at low resolution Nyones < 2562 is difficult to determine
the reverse shock and the contact discontinuity, as such these measurements are very ap-
proximate.
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5.5 Discussion of the resolution tests

In this section, we discuss the test results that were presented in the previous sections
(i.e., Section 5.2, 5.3, and 5.4), in addition to explaining the similarities and differ-
ences between the models with different evolutionary phases, different conditions
(adiabatic, cooling and thermal conduction) and different resolutions. We firstly dis-
cuss the effect of resolution in the adiabatic models for both the MS and RSG cases
simultaneously in Section 5.5.1, followed by the thermal conduction and/or cooling
models for the MS and RSG cases in Section 5.5.2.

5.5.1 Resolution tests with adiabatic models

When doing numerical studies of fluids, for simplicity, we start with the adiabatic
case, for which we typically have less complex flow characteristics and structures
that can be easily described by simple analytic recipes, e.g., the Euler equations in
Section 2.1 and the well known Rankine-Hugoniot shock jump conditions.

The first thing to note is that the temperature maps in Figure 5.2 have artifacts, cross-
like features in the freely expanding wind. This is due to integration errors in grid
codes that occur due to advection at regions of higher kinetic energy, but this does
not affect the bow shock because the state of the fluid before and after the shock does
not depend on the temperature, see Mackey et al. (2021) for more details. In addi-
tion, we should expect this to occur for the MS models because their stellar winds
have high temperatures, ~ 25000 K and move at high velocities, ~ 1000 km/s or
higher.

The model MS_A64 of Figures 5.1, 5.2 and 5.3 (for the MS case) and RSG_A64 of
Figures 5.5, 5.6 and 5.7 (for the RSG case), shows that at resolution Nyones = 64 X 64
the shock regions are smeared-out, and it is difficult to distinguish between disconti-
nuities, but then as the resolution is increased to about N,ones = 256 X 256 as shown
for model MS_A256 of Figures 5.1, 5.2 and 5.3 (for the MS case) and RSG_A256
of Figures 5.5, 5.6 and 5.7 (for the RSG case); the discontinuities can be clearly dis-
tinguished from one another. Thus, for modelling the bow shocks of HVR stars, it
would be best to use resolution of at least Nyones = 256 X 256 in order to get well-
defined shock waves. The 2D maps alone do not give enough information to make
a clear suggestion about the convergence of the code, for this we use the 1D profiles
extracted from these 2D maps.

As in the 2D maps, the 1D curves at resolution Nyones = 64 X 64 as shown in the
top row of Figure 5.4 (for the MS case) and Figure 5.8 (for the RSG case) do not show
well-defined shock waves which are represented by the discontinuities (i.e., very
steep slopes) in these profiles. However, as the resolution increases, the shock wave
becomes less smeared-out and the discontinuities are well-defined especially with
resolution N, gnes = 512 x 512. However, the N ones = 256 x 256 models have not
yet converged according to the 1D profiles (even though one might think they have
converged by considering only the corresponding 2D maps as discussed above).

For the adiabatic 1D profiles, from the Rankine-Hugoniot jump condition a den-
sity jump factor of ~ 4 is expected at the reverse shock, and from the top part of
Table 5.2 and Figure 5.9, it seems the RSG models shows better agreement with this
jump condition than the MS models at lower resolutions Ny ones < 2562, but both
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better agree with this jump condition at a higher resolution of Nyones = 512 x 512,
with density jump factor of 3.9 and 4.1 for the MS and RSG, respectively. Overall the
density jumps increase with resolution, but for the MS case the density jump drops
from resolution Nygnes = 256 X 256 t0 N,ones = 512 x 512 because the reverse shock
is well resolved and can be properly determined, which leads to the convergence of
the model towards the Rankine-Hugoniot jump condition, while for the RSG case
the density jump increases and converges towards the Rankine-Hugoniot jump con-
dition with increase in resolution from N,gnes = 64 X 64 t0 Nyones = 512 x 512, this
is all shown in the top part of Figure 5.9. The middle part of Table 5.2, shows how
the temperature jump at the reverse shock changes with resolution in the adiabatic
case, for the RSG models the temperature jump is lower compared to that of the
MS models, which is expected since MS stars have faster winds and that results in
stronger reverse shocks than RSG stars. The effect of increasing resolution is shown
graphically in the middle part of Figure 5.9, overall the temperature jump is bet-
ter determined, measured and increases as the reverse shock is better resolved. In
addition, the post-shock temperature jump can also be predicted from the Rankine-
Hugoniot jump condition as:

~ 5 Ush 2
AT ~ 23 % 10 K(imo kms—1> , (5.1)

where vy, is the shock speed. Since we study our simulations after they reached
steady state, the shock speed is about 200 km/s, as a result from Equation 5.1, the
predicted post-shock temperature jump is about 9.2 x 10° K. It seems the MS mod-
els in adiabatic case are an order of magnitude greater than the predicted post-shock
temperature jump, while the RSG models in adiabatic case are an order of magni-
tude lower than the predicted post-shock temperature jump.

The bottom part of Table 5.2, shows the model value of R(0°)/R(90°) with respect
to the resolution for the adiabatic case and the % Error of the model compared to
the Wilkin (1996) analytic solution. From this we see that as the resolution is in-
creased, the models agree more with the analytic solution as shown in the corre-
sponding plots in the bottom part of Figure 5.9. This is expected because the contact
discontinuity is better determined and measured at higher resolutions, especially at
Nzones = 512 x 512 for our models. This can be clearly seen in the Mach number
plots in Figure C.5 and C.6 for the MS and RSG case, respectively.

Overall, from these adiabatic resolution tests, we develop an understanding of the
impact of numerical resolution on the derived physical structure of the bow shock,
and we conclude that it would be best to use resolution N,ones =, 512 x 512 for 2D
models, and the same for 3D models which will require Nyones 2 512 X 512 x 512
and even more computational time. Further discussions about the importance of
resolution tests when planning simulations can be found in Zingale (2013).

5.5.2 Resolution tests with thermal conduction and/or cooling

Now that we know how resolution affects our model in the less complex adiabatic
case as discussed in Section 5.5.1 above, we now explore the resolution effects when
additional processes (thermal conduction and/or cooling) are included in the simu-
lations. For the MS models, both thermal conduction and cooling are included, but
for the RSG models only cooling is included as the temperatures are not high enough
to allow significant transport of energy via electrons.
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The MS models when cooling and thermal conduction are included, are impacted
similarly by the resolution as in the adiabatic case (see Section 5.5.1). However, the
2D density, temperature and velocity maps as shown in the bottom row of Figures
5.1, 5.2 and 5.3, respectively, illustrate that when both cooling and thermal conduc-
tion are included, the net bow shock size becomes larger even though we know that
cooling slightly reduces the bow shock size (see Figure 4.1). The bow shock becomes
larger when thermal conduction is included because in the bow shock of MS models
there is a large temperature jump around the reverse shock, AT ~ 107 K (see 2D and
1D temperature plots of Figures 5.2 and 5.4, respectively), as a result the electrons
move fast enough to act as energy transporters as they travel from the hotter to the
nearby lower-temperature fluid (see Meyer et al. (2014), and references therein for
more details).

In addition, when thermal conduction and cooling are included for MS case, the
density jumps at the reverse shock as shown in the top part of Table 5.2 seems to
drop by approximately half compared to the adiabatic case, which is unexpected,
but at higher resolution N,ones = 512 x 512 it a factor of ~ 3 larger than the adi-
abatic case, which is expected because of cooling. The unexpected measurements
occur at lower resolutions N, gnes < 256 X 256 because it is difficult to determine the
reverse shock (see Figure 5.4). The temperature jump at the reverse shock seems to
have decreased by approximately half at the reverse shock compared to the adia-
batic case as shown in the middle part of Table 5.2. This is expected because thermal
conduction reduces the temperature at the reverse shock via electrons as discussed
in the paragraph above, while cooling reduces the temperature via radiation. As
the resolution increases, the temperature jump at the reverse shock seems to con-
verge towards a larger temperature jump, as shown in the middle part of Figure 5.9.
Furthermore, in these conditions, the MS models at higher resolution seem to agree
more with the Wilkin (1996) analytic solution as shown in the bottom parts of Ta-
ble 5.2 and Figure 5.9. In addition, these results of the effect of cooling and thermal
conduction for MS HVRs are similar to the results of runaways as shown in Figure
4.2, but the bow shocks of HVRs are smaller because of higher space velocities as
expected from Equations 1.7 and 1.8.

For the RSG models as expected, when cooling is included the bow shock becomes
smaller compared to the adiabatic case as shown in the bottom row of Figures 5.5 -
5.8. The resolution effects for the RSG models when cooling is included are also the
same as in the adiabatic case (see Section 5.5.1). However, when cooling is included,
in addition to resolving discontinuities, the resolution is important for resolving the
development or growth of instabilities. The bottom row of Figures 5.5, 5.6 and 5.7
show that at lower resolutions (e.g., Nyones S 256 X 256), the instability growth can-
not be captured and cannot be resolved due to too much dissipation of the flow,
meaning the bow shock’s discontinuities as well as its instabilities cannot be cap-
tured; this is therefore an important consideration when interpreting the numerical
models in order to understand the flow structures and when comparing to observa-
tional data (Zhekov and Myasnikov 2000). However, at higher resolutions, such as
that for model RSG_C512 of Figures 5.5, 5.6 and 5.7, the development and growth of
instabilities is clearly captured. Furthermore, the instabilities that we see in model
RSG_C512 are the Rayleigh-Taylor and Kelvin-Helmholtz instabilities, with the lat-
ter dominating because of the velocity shear between the stellar wind and the ISM
induced by the high space velocities of HVRs relative to the ISM.
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In addition, for the RSG case as expected, the reverse shock for the radiative cooling
case seem to have a higher density jump, approximately 5 to 6 times compared to
that of the adiabatic case as shown in the top parts of Table 5.2 and Figure 5.9, and
this jump also increases with resolution. In the middle parts of Table 5.2 and Figure
5.9, similar to the MS case, the temperature jump seems to be lower at the reverse
shock in the cooling case than the adiabatic case, which is expected because of radia-
tive cooling. In addition, this temperature jump seems to be slightly nonmonotonic
with increasing resolution for the RSG case, however, this is likely due to difficul-
ties in determining the shock properties at low resolution. Furthermore, similar to
the MS case, as the resolution is increased, the model converges towards the Wilkin
(1996) solution as shown in the bottom parts of Table 5.2 and Figure 5.9.

5.6 Summary

The tests presented and analysis performed in this chapter show that resolution is an
important consideration for determining the properties of our HVR bow shocks in
both the adiabatic case and thermal conduction and/or cooling case. In addition, it
is also important for resolving instabilities, particularly when dealing with processes
such as cooling for RSG HVR bow shocks. In other words, with high resolution (e.g.,
Nzones 2, 512 x 512), we can get much sharper well-defined discontinuities and flow
characteristics. Given the above results, we have chosen to run the parameter study
with the highest resolution feasible N, ones = 512 x 512, and we now have a better
understanding of the limitations of models with lower resolution.
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Chapter 6

HVR bow shocks from different
space velocities and ISM phases

In this chapter, we present the main results of this Thesis, i.e, the effect of the ISM
properties and stellar space velocities on the bow shock morphology, and evolution
in 2D and 3D for MS and RSG HVRs models. The parameters and configurations
that are adopted for these models developed from a series of tests, including the in-
vestigation of the numerics of PLUTO using 3D models of a freely expanding wind of
a stationary star with respect to the ISM (see Appendix B); testing adiabatic, cooling
and thermal conduction models for slower-moving runaways and comparing with
the literature (see Chapter 4); and 2D resolution tests of MS and RSG HVRs with
adiabatic, thermal conduction and/or cooling physics (see Chapter 5). We consider
MS and RSG HVRs moving at 200 km/s and 400 km/s, and passing through each of
the different ISM phases (HIM, HII region, WNM and CNM).

6.1 MS and RSG model setup

To explore the effect of stellar evolutionary phase, different ISM phases and high
space velocities on the bow shocks of HVRs, we ran models using the stellar wind
and ISM parameters described in Chapter 3 as initial conditions (see Table 6.1), while
varying the resolution and the size of the computational domain depending on the
size of the output bow shocks. The 2D results for both MS and RSG HVRs are in
Section 6.2, while the comparison of the 2D and 3D RSG HVR models are shown
in Section 6.3, and the comparison with previous work in Section 6.4. We did not
conduct 3D MS HVR models, because the resolution required (Table 6.1), and the
inclusion of thermal conduction, would require computational time beyond what is
available to us. Thus, for 3D we only conducted models for the RSG phase, which
took about 1-4 months running time on 96 CPUs to produce outputs with sufficient
detail needed for our analysis. Future studies using Adaptive Mesh Refinement
(AMR) will enable us to overcome some of the computational cost limitations.



TABLE 6.1: 2D and 3D model setup for different stellar evolutionary phases, ISM phases and space velocities

2D

EV Model ISM Vs Nones Zone width X-axis y-axis Rsop 1B

phase name phase | [km/s] [pc] [pc] [pc] [pc] [pc]
MS_HIM200 HIM 200 512 x 512 31x10% [ 0<x<16 -08<y<08 1.3x10° 1 [3.1x10°2
MS_HIM400 400 320 x 320 31x107% | 0<x<10 —-05<y<05 6.3x1072 | 3.1x 102
MS_HII200 HII 200 512 x 512 78x107% | 0<x<04 —-02<y<02 16x1072 [78%x 1073
MS MS_HII400 400 256 x 256 78x107% | 0<x<02 -01<y<01 81x107% | 7.8x1073
MS_WNM200 | WNM | 200 512 x 512 39x107% | 0<x<02 —-01<y<01 12x1072 [39x107°
MS_WNM400 400 256 x 256 39x107% | 0<x<0.1 —0.05 <y < 0.05 57x1073 | 39x1073
MS_CNM200 | CNM | 200 512 x 512 59x107° [ 0<x<003 | —0015<y<0.015 | 1.6x10°° [59x10°*
MS_CNM400 400 256 x 256 59x107° | 0<x<0.015 | —0.0075 <y < 0.0075 | 8.0x107* | 59 x 1074
RSG_HIM200 | HIM 200 1024 x 1024 1.6 x 1072 0<x<16 —80<y<80 89x107T [3.1x107"
RSG_HIM400 400 512 x 512 1.6 x 1072 0<x<8 —40<y<40 44 %1071 | 3.1x101
RSG_HII200 HII 200 1024 x 1024 20x1073 0<x<2 -1.0<y <10 12x10°" [39x10772
RSG | RSG_HII400 400 512 x 512 20x1073 0<x<1 —-05<y<05 57x1072 | 39 x 1072
RSG_WNM200 | WNM | 200 512 x 512 1.7x103% | 0<x<0.8 —04<y<04 81x10% [31x102
RSG_WNM400 400 320 x 320 1.7x1073 | 0<x<05 —0.25 <y <0.25 41x1072 | 3.1x1072
RSG_CNM200 | CNM | 200 512 x 512 20x107% | 0<x<0.1 —0.05 <y <0.05 11x107% [39x1073
RSG_CNM400 400 256 x 256 20x107% | 0<x<005 | —0.025<y<0.025 | 6.0x1073 |39x1073

3D

EV Model ISM Uy Nones Zone width X/ z-axis y-axis Rsop IB

phase name phase | [km/s] [pc] [pc] [pcl [pc] [pc]
rsG | RSG-WNM200 | WNM | 200 | 512x 512 x512 | 1.7 x 10° | 0<x<08 —04<y<04 0<x<08|81x102
RSG_WNM400 400 | 320%x320%x320 | 1.7x107% | 0<x<05 —025<y<025 |0<x<05|41x102

Note: Similar to the setup in Meyer et al. (2014), here the internal boundary (IB) is set to a radius of 10 cells for MS and 20 cells for RSG phase.

The definition of EV and Nones are as in Table 5.1. The stellar wind and ISM parameters referred to in this table are described in detail in

Chapter 3.
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6.2 2D MS and RSG HVR models for different ISM phases
and stellar space velocities

We present the bow shocks produced by a MS and RSG HVR star in 2D for the
different cases stated in Table 6.1. We analyze and discuss the characteristics of the
bow shock structures produced by these stars in Section 6.2.1, their evolution in
Section 6.2.2, and their dynamical and cooling timescales in Section 6.2.3.

6.2.1 The characteristics of the MS and RSG HVR bow shock structures

The 2D density, temperature, velocity and emissivity maps are presented in Figures
6.1, 6.3, 6.5 and 6.7, respectively, for the MS and Figures 6.2, 6.4, 6.6 and 6.8 for
the RSG case, in order to show how each of these parameters vary throughout the
computational domain. For both the MS and RSG cases, the size of the bow shock
becomes smaller with an increase in space velocity and/or ISM density as expected
from the Wilkin (1996) analytic solution (Rspop in Table 6.1). For the MS case, the 2D
plots of the steady state structures and shapes of the bow shocks are similar and due
to the stabilising thermal conduction included, do not show any growth of insta-
bilities. This makes them ideal for investigating how different physical parameters
such as the ISM density and stellar space velocity affect the size and shape of the bow
shock in comparison to the Wilkin (1996) analytic solution. However, for the RSG
case, the bow shock changes significantly with the change in ISM properties and
velocity of the central star, particularly its stability, as a result only the RSG_HII400
and RSG_WNM400 models reach and remain in steady state.

Furthermore, for bow shock models in the first and fourth columns of Figures 6.2,
6.4, 6.6 and 6.8 corresponding to models where the stellar winds of the RSG col-
lide with the ISM in the HIM and CNM phases, respectively, both 200 km/s and
400 km/s models have distortions at the apex. However, from the second and third
columns of Figures 6.2, 6.4, 6.6 and 6.8, which represent models where the stellar
wind of the RSG collides with the HII region and WNM, respectively, the bow shock
models for 400 km/s reach and remain in steady state, while their corresponding
200 km/s models reach and then diverge from steady state. The 200 km/s models
have distorted bow shock structures especially at the tip of the bow shock which are
likely due to the carbuncle phenomenon (Quirk 1994). Since some 400 km /s models
which have a high velocity reach and remain in steady in the HII region and WNM
but not in the HIM and CNM phases, then the carbuncle phenomenon manifests
only in some models even though the model setups are similar. It seems the bow
shock structure gets distorted regardless of the stellar space velocity if the density
of the ISM is too low (e.g., HIM, ny ~ 0.005 cm~3) and also if it is too high (e.g.,
CNM, nyg ~ 30 cm*3); or if the temperature of the ISM phase is too high (e.g., HIM,
T ~ 10° K) or it is too low (e.g., CNM , T ~ 100 K). Detailed study of the carbuncle
phenomenon and approaches for avoiding it (e.g., having the star travel at an an-
gle through the grid or using different solvers) will be investigated in future work.
However, it is not clear what causes the carbuncle phenomenon or how to avoid it,
because the theory behind it is still not well understood (Elling 2006).

In the bow shocks of MS and RSG HVRs shown in Figure 6.1 and 6.2, respectively,
the density of the shocked regions increases with the space velocity and ISM den-
sity. The density of the shocked regions for the MS case is approximately in the range
103 -10"2,1072—-10"1, 1072 — 10° and 10° — 102 cm 3, while for the RSG case is
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4 0.4 0.2 0.02
RSG_HIM200 RSG_HII200 RSG_WNM200 RSG_CNM200
2 t = 244.45 kyr 0.2 t = 34.22 kyr 0.1 t = 14.67 kyr t = 3.03 kyr
_ 0 0.0 0.0
[8) -0.2
£2-2 x)f -0.1
~ -0.4
-4 o6 L g2 | -0.2
-6 -0.8 A\ ) -0.3
8 2 4 6 8 10 12 “B002040608101214 2800102030405 0.
2 0.2 0.1 .
RSG_HIM400 RSG_HI1400 RSG_WNM400 RSG_CNM400
t = 146.67 kyr t = 195.56 kyr t = 195.56 kyr t = 0.98 kyr
_ 0 0.0 ’
(9]
2
- -0.2
-2 -0.1
-
—4 \ A -0 -0.
0 2 4 6 0.0 0.2 0.4 0.6 '6.0 0.1 0.2 0.3 (8.00 0.02
x [pc] x [pc] x [pc] x [pc]

Chapter 6. HVR bow shocks from different space velocities and ISM phases 65

approximately in the range 1072 — 10!, 10° — 102, 10° — 10% and 10! — 10* em ™3
for the HIM, HII region, WNM and CNM phase, respectively, and higher values in
these ranges correspond to shocked regions for higher velocity (400 km/s) models.
In addition, we see that the density of these shocked regions is more significantly
affected by the ISM phase than the stellar space velocity. For the RSG case, apart
from the carbuncle phenomenon numerical artifacts seen in Figures 6.2, 6.4, 6.6 and
6.8, we also see the growth of the Rayleigh-Taylor instabilities as the heavier fluid
pushes into the lighter fluid or when the lighter fluid is accelerated into the heavier
fluid. This can be clearly seen in the density plots in Figure 6.2.

FIGURE 6.2: Density plots of the RSG bow shocks for stars moving at 200 km/s (top row)
and 400 km/s (bottom row) with respect to the ISM. The ISM phase in the first, second, third
and fourth column is the HIM, HII region, WNM and CNM, respectively.
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FIGURE 6.3: Temperature plots of the MS bow shocks for stars moving at 200 km/s (top
row) and 400 km /s (bottom row) with respect to the ISM. The ISM phase in the first, second,
third and fourth column is the HIM, HII region, WNM and CNM, respectively.
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FIGURE 6.4: Temperature plots of the RSG bow shocks for stars moving at 200 km/s (top
row) and 400 km /s (bottom row) with respect to the ISM. The ISM phase in the first, second,
third and fourth column is the HIM, HII region, WNM and CNM, respectively.

In Figure 6.3 and 6.4 are the corresponding temperature plots for the MS and
RSG cases, respectively, and all the MS models have cross-like (horizontal and ver-
tical lines) artifacts in the region where the wind is expanding freely. These artifacts
are due to integration errors that result from the advection of thermal energy where
the kinetic energy dominating flow is very high (total energy is conserved by the
finite-volume method); Mackey et al. (2021) see similar structures. These cross-like
features do not affect the resulting bow shock structure, because the properties of
the fluid after the shock do not depend on the temperature of the fluid before the
shock, provided the shock has a large-Mach-number (Mackey et al. 2021), which is
the case for these MS HVR models. However, for the RSG plots, these cross-like ar-
tifacts appear only in the CNM models. In this case the cause is less clear, but since
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RSG stars have much slower wind speeds compared to MS stars, this might be the
reason why most of the RSG models do not exhibit these artifacts.

In addition, the shocked regions and the unshocked ISM are not easily distinguish-
able in the case of the HIM models compared to other models, because the HIM
phase has lower densities and higher temperatures than other ISM phases. The HIM
models especially the RSG_HIM200 have a weak forward shock because the ve-
locity of the star relative to the ISM is comparable to the sound speed of the HIM
(see the Mach number plot in Appendix C Figure C.8). Similar results to simula-
tion RSG_HIM200 can be seen in (Ballone et al. 2013), where the source of the wind
reaches velocities comparable to the sound speed of the hot ambient medium.

In Figures 6.5 and 6.6 for the MS and RSG case, respectively, we see the relative
velocity in different regions of the bow shocks. The fluid in the upper part of the
shocked regions (y 2 0 pc) and the tail are subsonic, while all other regions are
supersonic, except for the discontinuities which are sonic (see Appendix C.2). We
see that the shocked regions have relatively lower velocities than the unshocked
regions as expected, with the apex of the shocked region having the lowest velocity
(~ 10° — 10! km/s) in that region because it is where the wind collides head-on with
the ISM. This is the case because the shocked regions have higher densities, meaning
particles collide and slow down more significantly than in the unshocked regions.
Overall, the velocity in the shocked regions is in the range ~ 10° — 10?> km/s for the
MS case, and it is in the range ~ 10° — 102 km and ~ 10° — 2 x 10% km for the 200
and 400 km/s models of the RSG case, respectively. For the MS case, the velocity in
the region of the freely expanding wind is the highest in the presented computation
domains since MS stars have fast winds (~ 10® km/s) for our wind models (see
Chapter 3), while for the RSG case, the highest velocity is in the unshocked ISM (200
km/s or 400 km/s depending on the space velocity) because its speed is relative to
the HVR'’s speed. For both MS and RSG cases, the tail is the region of lowest veloci-
ties which is in the range ~ 10° — 102 km/s.

In addition, for the RSG case in Figure 6.6, it clearly shows the growth of Kelvin-
Helmholtz instabilities at the interface separating the faster and slower fluids, for
example, the RSG_WNM400 model shows the growth of Kelvin-Helmholtz insta-
bilities because of the velocity shear between the faster ISM (for which its velocity
is relative to the HVR star) and the slower wind velocities. These Kelvin-Helmholtz
instabilities dominate over the Rayleigh—Taylor instabilities at higher space velocity,
while the Rayleigh-Taylor instabilities dominate at lower ISM densities.
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FIGURE 6.5: Velocity plots of the MS bow shocks for stars moving at 200 km/s (top row)
and 400 km /s (bottom row) with respect to the ISM. The ISM phase in the first, second, third
and fourth column is the HIM, HII region, WNM and CNM, respectively. The orange curves
with arrows are the streamlines showing the fluid flow.

RSG_WNM200 ’ | RSG_CNM200
t=14.67 kyr | t=3.03 kyr

0.4
RSG_HIM200 RSG_HI1200
t = 244.45 kyr 0.2 t = 34.22 kyr

0.0
-0.2
-0.4

081.0121.4 %8, ‘ . 0.04

RSG_WNM400
t = 195.56 kyr

RSG_CNM400
t = 0.98 kyr

0.0

0.00

-0.1
—-0.01

2 0 02 04 06 %P0 o1 02 03 *%oo 0.02 0.04
x [pc] x [pc] x [pc] x [pcl]
FIGURE 6.6: Velocity plots of the RSG bow shocks for stars moving at 200 km/s (top row)
and 400 km /s (bottom row) with respect to the ISM. The ISM phase in the first, second, third
and fourth column is the HIM, HII region, WNM and CNM, respectively. The orange curves
with arrows are the streamlines showing the fluid flow.

Figure 6.7 and 6.8 for the MS and RSG case, respectively, show the emissivities of
these HVR models. The emissivity is calculated by measuring the amount of energy
per unit time per unit volume of each zone in the computational domain of each
simulation, as given by the sum of everything from the cooling functions (see Fig-
ure 2.6 where cooling function are plotted). Since the emissivity scales with density,
the emissivity of the shocked regions is higher for higher space velocity and/or ISM
density models. Like the temperature plots, for the HIM models the emissivity of
the unshocked ISM is approximately similar to that of the shocked regions, but not
for other ISM phases. Furthermore, since the emissivity is also derived from the tem-
perature, the cross-like artifacts also appear in these emissivity plots in all the ISM
phases for the MS case, but only for the CNM phase for the RSG case. The emissivity
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is highest in the shocked regions especially around the apex for both the MS and RSG
case. For the MS models the emissivity is in the range ~ 10726 — 10724, 102 — 10-%,
10722 — 107! and 1072 — 1072 ergs cm 357! for the HIM, HII region, WNM and
CNM cases, respectively, while for the RSG models it is in the range ~ 1072 — 1024,
1072 -10"2,10 2 -102and 1008 - 102 ergs cm—3s~ ! and for both MS and
RSG cases, the higher velocity models (400 km/s) have greater emissivity for each
ISM phase.

From these 2D maps, we conclude that the characteristic bow shock structures of
the MS and RSG HVRs show similar trends with the physical parameters such as
the ISM density and space velocity, however, the RSG models have instabilities that
are more profound than the MS models, which is expected based on the theory of
the non-linear thin-shell instabilities (Dgani, van Buren, and Noriega-Crespo 1996).

0.05

0.1 %00 005  °Ydooo 0.0075
x [pcl x [pcl x [pcl]
FIGURE 6.7: Emissivity plots of the MS bow shocks for stars moving at 200 km/s (top row)
and 400 km /s (bottom row) with respect to the ISM. The ISM phase in the first, second, third
and fourth column is the HIM, HII region, WNM and CNM, respectively.
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FIGURE 6.8: Emissivity plots of the RSG bow shocks for stars moving at 200 km/s (top row)
and 400 km/s (bottom row) with respect to the ISM. The ISM phase in the first, second, third
and fourth column is the HIM, HII region, WNM and CNM, respectively.
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6.2.2 The evolution of the MS and RSG HVR bow shock structures

The evolution of the shape of the bow shock models presented in Section 6.2.1 is
measured using R(0°)/R(90°) and is compared to the Wilkin (1996) analytic so-
lution (Equation 1.8) as shown in Figures 6.9 and 6.10 for the MS and RSG case,
respectively, where R(0°) is the distance between the star and the contact disconti-
nuity parallel to the direction of motion (i.e., along the apex), while R(90°) is similar
to R(0°) but perpendicular to the direction of motion.

The higher the space velocity of the central star and/or the denser the ISM, the
quicker the bow shock simulation reaches a steady state as shown in Table 6.2. These
changes in structure of the bow shocks as a function of time are also compared to the
Wilkin (1996) analytic solution. From Figure 6.9 plots, we see that all the MS mod-
els reach a steady state and remain in steady state, while most RSG models reach
a steady state and then start to diverse due to the carbuncle phenomenon, which
can be seen by the rising curves on the top row of Figure 6.10. Furthermore, from
Table 6.2, it seems the 200 km /s MS models takes approximately twice as along to
reach a steady state compared to the 400 km /s MS model for the same ISM phase, as
would be expected from the crossing times. However, the density of the ISM phase
seems to have a more significant effect on how quick the models reach a steady state.

Even though the 2D maps of the MS bow shock models shown in Figures 6.1, 6.3, 6.5
and 6.7 do not show any growth of instabilities, their corresponding evolution plots
in Figure 6.9 do show oscillations which are due to very small instabilities; note, the
jaggedness seen in some of the plots is due to time sampling and discretization of
the fluid, which can be solved by increasing the time and spatial resolution (but in
our case this is not possible as due to limited computational resources). In addition,
the theory of the non-linear thin-shell instability states that the bow shock is more
stable and the rate at which these instabilities grow is lower for smaller values of 7=
(Dgani, van Buren, and Noriega-Crespo 1996). This is the case for these MS HVR
models since v,y >> v,, because the MS stars have fast winds of order ~ 1000 km /s
or higher (Lamers and Cassinelli 1999; Kippenhahn, Weigert, and Weiss 2012) as dis-
cussed in Chapter 3.

However, for the RSG case, the 2D maps in Figures 6.2, 6.4, 6.6 and 6.8 show large
growth of instabilities, which cause oscillations in their corresponding evolution
curves in Figure 6.10. For the RSG case, most of the models are initially in agree-
ment with the Wilkin (1996) analytic solution, but as they evolve, they diverge from
the analytic solution because of the build-up of fluid at the tip of the bow shock.
This is a well known limitation of 2D simulations (some of the simulations by Green
et al. (2019) also exhibit this issue), and may be due to the carbuncle phenomenon.
Some models, specifically the RSG_HII400 and RSG_WNM400 do not exhibit this
build-up of fluids, and they remain in steady state and agree well with the analytic
solution throughout their evolution, even though they have strong instabilities.

The Kelvin-Helmholtz, Rayleigh-Taylor and non-linear thin-shell instabilities exhib-
ited by these RSG bow shocks have as expected, higher growth rates compared to
those of MS stars (see oscillations in Figures 6.9 and 6.10), because for RSG stars the
wind velocity is slower (50 km/s) compared to the star’s velocity (either 200 km/s
or 400 km/s), i.e., (z% >> 1), which should result in less stable bow shocks (Dgani,
van Buren, and Noriega-Crespo 1996).
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TABLE 6.2: Time taken for the MS and RSG HVR models to reach a
steady state along the apex

’ Model ‘ Time [kyr] ‘ Model ‘ Time [kyr] ‘ ATime [kyr] ‘
MS_HIM200 ~3 MS_HIM400 ~ 1.25 1.75
MS_HII200 ~ 0.45 MS_HII400 ~ 0.2 0.25
MS_WNM200 ~ 0.34 MS_WNM400 ~0.13 0.21
MS_CNM200 ~ 0.06 MS_CNM400 ~ 0.015 0.045
RSG_HIM200 - RSG_HIM400 - -
RSG_HII200 - RSG_HII400 ~ 6 -
RSG_WNM200 - RSG_WNM400 ~ 4 -
RSG_CNM200 - RSG_CNM400 - -

Note: These time values where approximated from the bow shock evolution plots

in Figure 6.9 and 6.10 for the MS and RSG case, respectively. The symbol (-) means
the models reach steady state and then move out of steady state due the carbuncle

phenomenon. ATime is the difference between the time taken for the 200 km/s and
400 km /s models to reach a steady state for each ISM phase.
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FIGURE 6.9: Evolution of the bow shock around a MS star moving at 200 km/s (red) and
400 km/s (blue) with the respective model (solid) and analytic solution (dashed). The ISM
phase in the first, second, third and fourth column is the HIM, HII region, WNM and CNM,
respectively. The first, second and third rows are for the R(0°), R(90°) and R(0°)/R(90°),
respectively, where R(0°) and R(90°) are the distances between the star and the contact
discontinuity, parallel and perpendicular to the direction of motion, respectively.
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FIGURE 6.10: Evolution of the bow shock around a RSG star moving at 200 km/s (red) and
400 km/s (blue) with the respective model (solid) and analytic solution (dashed). The ISM
phase in the first, second, third and fourth column is the HIM, HII region, WNM and CNM,
respectively. The first, second and third rows are for the R(0°), R(90°) and R(0°)/R(90°),
respectively, where R(0°) and R(90°) are the distances between the star and the contact
discontinuity, parallel and perpendicular to the direction of motion, respectively.

6.2.3 Dynamical and cooling timescales

The dynamical and cooling timescales are shown in Figures 6.11 - 1.12 for the mod-
els presented in Section 6.2.1.

The definition of the timescales that we use are similar to that of Mohamed, Mackey,
and Langer (2012) and Meyer et al. (2014), where the dynamical timescale is calcu-

lated as
R
Tayn = — 6.1)
and the cooling timescale is calculated as
P
Teool = A (6.2)

where P, A and v are as defined in Chapter 2. When 7,1 << Tdyn, the fluid ele-
ments show an isothermal behaviour, and when T.oo >> Tgyn the fluid elements
would show an adiabatic behaviour (Mohamed, Mackey, and Langer 2012; Meyer
et al. 2014).

As shown in Figures 6.11 and 6.12 for MS and RSG case, respectively, Too1 2 Tdyn
always, because HVR stars move at such high speed that the 74y, is always smaller
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than 7.,,. We notice an adiabatic behaviour for the MS case in the region of the
freely expanding wind for all the models, and the unshocked ISM region for the
CNM models, while in the RSG case, it is only in the CNM phases. None of the
models in Figures 6.11 and 6.12 exhibit the isothermal behaviour, because 7. is

0.1
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t =20.63 kyr t=3.29 kyr

0.05
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FIGURE 6.11: The ratio of the cooling timescale (7,]) to the dynamical timescale (Tdyn), for
MS case. The stellar space velocity and ISM phase are indicated in the legend along with the
bow shock age.
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FIGURE 6.12: The ratio of the cooling timescale (7,1 to the dynamical timescale (74yn), for
RSG case. The stellar space velocity and ISM phase are indicated in the legend along with
the bow shock age.
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6.3 Comparing 2D and 3D models

To investigate the effect of dimensionality on the bow shock stability and numerical
artifacts, we ran 3D models corresponding to the 2D models of the WNM as shown
in Table 6.1. The WNM was chosen because it fills a significant amount (~ 40%) of
the volume of the Galactic disk (Draine 2011), and so is interesting from an obser-
vational perspective and one of the 2D models exhibits the carbuncle phenomenon
(RSG_-WNM200), while the other (RSG_WNM400) does not (see Figures 6.2, 6.4,
6.6 and 6.8). The results for the 2D models and 3D cross-sections are discussed in
Section 6.3.1 and see Appendix C.4 for the 3D plots.

6.3.1 Comparing 2D and 3D RSG_WNM200 and RSG_WNM400 models

To explore the similarities and differences between 2D and 3D RSG_WNM200 and
RSG_WNM400 models, we sliced the 3D models in order to obtain the x-y 2D plane
with similar dimensions to the 2D model and the results are shown in the 2D maps
in the left and middle columns, respectively, of Figures 6.13 - 6.14 for RSG_WNM200
and Figures 6.15 - 6.16 for RSG_WNM400. We took cuts along the apex of both mod-
els shown in the left and middle columns of Figure 6.13 for RSG_WNM?200 and Fig-
ure 6.15 for RSG_WNM400, and the resulting profiles are shown in the correspond-
ing right-hand column of these figures. Additional cuts were made along the hori-
zontal as indicated in the left and middle columns of Figure 6.14 for RSG_WNM200
and Figure 6.16 for RSG_WNM400 which pass through the smooth regions and
clumpy regions, and their profiles are shown in the right column of the correspond-
ing figures.

For model RSG_WNM200, the similarities between the 2D and 3D models demon-
strate that they both experience the carbuncle phenomenon. In addition, the profiles
extracted along the apex are different for 2D and 3D as shown in the right column
of Figure 6.13, because 2D and 3D models have different instabilities. The differ-
ences in the instabilities were investigated further by making horizontal cuts which
are represented by (black lines) as shown in Figure 6.14 (left and middle columns).
The major difference can be noticed in the 2D maps around x ~ 0.2 pc at the region
where the y ~ —0.07 pc and y =~ —0.11 pc horizontal cuts pass through, whereby
the 3D cross-section map has a more clumpy region than the 2D model. In addi-
tion, there is a more spread out vortex around x ~ 0.2 pc at the region where the
y ~ —0.21 pc and y ~ —0.24 pc horizontal cuts pass through.

For model RSG_WNM400, the instabilities are also the main difference when go-
ing from 2D to 3D as shown in the density, temperature, velocity and emissivity
maps of Figure 6.15. In the top part of the maps (y 2 —0.1 pc), the 2D and 3D plots
are similar in their instabilities, but in the bottom part (y < —0.1 pc) they are not.
Further analysis of the top and bottom part of the maps is carried out in Figure 6.16.
The extracted profiles in the smooth regions of the maps, represented by the black
lines (i.e.,y = —0.01 pcand y =~ —0.04 pc), have corresponding profiles that are very
similar for both the 2D and 3D model. The profiles extracted in the clumpy regions
of the maps, represented by the white lines (i.e., y = —0.065 pc and y ~ —0.095 pc),
have profiles that are also similar for both the 2D and 3D model for y ~ —0.065 pc,
but very different for y ~ —0.095 pc, i.e., small scale instabilities are similar but on
large scales their growth differs. This can be seen in the down stream profiles in the
right column of Figure 6.16.
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Overall results from both 2D and 3D of RSG_WNM200 and RSG_WNM400, sug-
gest that the 3D model is about 1.8% larger than the 2D model, which can be seen
from the extraction plots along the apex, and the major difference between 2D and
3D are in their instabilities, which can be seen from the extraction plots along the hor-
izontal. This difference in instabilities in 2D and 3D models is expected and happens
because an extra dimension allows for more complex internal flows for the 3D mod-
els (Blondin and Koerwer 1998), as a result the profiles from the 3D cross-sections
have larger or smaller parameter (density, temperature, velocity and emissivity) val-
ues compared to the profiles from the 2D models as shown in the 1D plots in Figures
6.14 and 6.16 (right column). Furthermore, the 2D and 3D of models RSG_WNM200
both exhibit similar numerical artifacts, and the 2D and 3D of model RSG_WNM400
have similar instabilities on small scales which then differ on large scales. Overall
for both RSG_WNM200 and RSG_WNM400, the 2D and 3D models are at least as
unstable as one another, similar to findings by Blondin and Koerwer (1998).
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FIGURE 6.13: The bow shocks of model, RSG_WNM?200, with the density, temperature,
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have the 2D map in the left column and the cross-section from the 3D model in the middle
column, with the respective profiles extracted along the apex (ie., 0 <y < 0.3 pc) in the
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FIGURE 6.14: The bow shocks of model RSG_WNM200 showing the regions of the extracted

profiles (the black horizontal lines) for the 2D model (left column) and 3D cross-section (mid-

dle column). The extracted lines in format (x1, y1) to (x2, y2) are (0, -0.07) to (0.4, -0.07), (0,

-0.11) to (0.4, -0.11), (0, -0.21) to (0.4, -0.21) and (0, -0.24) to (0.4, -0.24). [Right column] The

profiles corresponding to the extracted regions, i.e., y = —0.07 pc (first row), y = —1.1 pc
(second row), y = —0.21 pc (third row), and y ~ —0.24 pc (fourth row).
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The bow shock structures and shapes of the MS models for the space velocities
and ISM phases explored here, all converge towards the Wilkin (1996) analytic so-
lution, while for the RSG models, all the bow shocks have large instabilities and
diverge away from the Wilkin (1996) analytic solution due to the carbuncle phe-
nomenon, except for the RSG_HII400 and RSG_WNM400 which reach and remain
in steady state (i.e., no carbuncle phenomenon), and they are in agreement with
the Wilkin (1996) analytic solution. All the RSG models exhibit mostly the Kelvin-
Helmholtz instabilities at higher space velocities and Rayleigh-Taylor instabilities at
lower ISM densities. However, for both the MS and RSG models, the bow shock size
becomes smaller with the increase in the space velocity and/or ISM density, because
increasing one or both of these parameters results in an increase in the ram pressure
of the ISM, which results in the decrease in the stand-off distance, Rgop, which char-
acterises the bow shock size.

From the comparison of the 2D and 3D models, we see that they both have simi-
lar structures and if there are artificial flow characteristics due to the carbuncle phe-
nomenon, then they will be present in both the 2D and 3D models. The major dif-
ference between the 2D and 3D models is in their instabilities. In 3D there is an
extra spatial dimension which allows for the fluid flow to be more realistic, while in
2D one of the dimensions is acting as a barrier which restrict the fluid from passing
through. This results in the instabilities of the 2D models being different to those of
the 3D models.

6.4 Comparison with previous studies

We first checked our modifications to the PLUTO code by comparing runaway mod-
els with analytic values and previous studies. The 40 and 70 km/s 2D test models are
similar to the models of Meyer et al. (2014) as shown in Chapter 4, Figure 4.5 and 4.6
for MS and RSG stars, respectively. The similarity in the 40 km/s MS models is in the
bow shock size and flow characteristics which depend on whether the conditions are
adiabatic, cooling or thermal conduction; while for the 40 and 70 km /s RSG models,
the similarities are in the Kelvin-Helmholtz instabilities and the dependence of the
bow shock size on the space velocity. In addition, our MS 40 km /s model with cool-
ing and thermal conduction is consistent with case A model of Comerén and Kaper
(1998) where thermal conduction and cooling are also included. The structure of
our 40 km/s MS model with cooling differs from the 40 km/s BD + 60°2522 bow
shock models of Green et al. (2019), with a smooth stable flow rather than Kelvin-
Helmholtz and Rayleigh-Taylor instabilities. This is likely due to the lower ISM
density, ng = 0.57 cm~? in addition to thermal conduction in our case, while the
star moved through much higher densities in the range nyy = 50 — 200 cm 3 and no
thermal conduction was included. The vortices that appear in our 40 and 70 km/s
RSG bow shock models in Figure 4.3, are formed as a result of velocity shear at the
front region of the bow shock. The development of Kelvin-Helmholtz instabilities,
which forms vortices as they propagate downstream to the tail of the bow shock,
are similar to the 75 km/s AGB bow shock model by Wareing, Zijlstra, and O’Brien
(2007Db).

The early stages of the formation of the bow shocks of our RSG HVR models shown
in Figures 6.2, 6.4, 6.6 and 6.8, are consistent with the bow shock model of an evolved
star moving at 28.3 km/s of van Marle et al. (2011), the Betelgeuse double bow shock
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models of Mackey (2012) and the runaway AGB bow shock models of Wareing, Zijl-
stra, and O’Brien (2007a), in their morphology, flow characteristics and instabilities,
(see Appendix C.3, for the early stages of our Table 6.1 HVR models); and the very
unstable bow shock of our RSG_CNM200 and RSG_CNM400 models with huge in-
stabilities are similar to those of high Mach number bow shock models of Blondin
and Koerwer (1998), and also similar to the instabilities of models by Brighenti and
D’Ercole (1995). The Kelvin-Helmholtz and Rayleigh-Taylor instabilities of our RSG
HVR models, are consistent with non-magnetic field simulations of Betelgeuse bow
shock by van Marle, Decin, and Meliani (2014). The stability of our 2D models with
respect to its corresponding 3D models are similar, which is consistent to the find-
ings of Blondin and Koerwer (1998).

The Li, Bryan, and Quataert (2019), 3D adiabatic bow shock models of an AGB star
moving at 350 km /s through both the low and high pressure ISM phases, correspond
to our 2D cooling bow shock models of RSG stars moving at 400 km/s through the
HIM, e.g., in their instabilities at the tail of the bow shock near the star and simi-
larities in the bow shock sizes. In addition, our 2D model of a RSG star moving at
200 km/s in cooling conditions, is consistent with the 3D bow shock model of Mira
moving at 125 km/s also in cooling conditions of Li, Bryan, and Quataert (2019), in
their flow structures and instabilities.

The detection of Mira’s bow shock and tail by the Galaxy Evolution Explorer (GALEX)
ultraviolet space telescope (Martin et al. 2007) and also in the infrared by Herschel
(Mayer et al. 2011), suggest the possibility of observing the bow shocks of RSG HVRs
in the infrared and ultraviolet. This is also supported by Betelgeuse’s (a RSG) bow
shock observed by AKARI and Herschel in the infrared (Ueta et al. 2008; Decin et al.
2012). The 2D bow shock models of MS HVRs moving at 200 km/s in conditions
where both cooling and thermal conduction are included, are relevant for the Wide-
field Infrared Survey Explorer (WISE) observations by Gvaramadze et al. (2019), of the
"horseshoe-shaped" bow shock around CPD — 64°2731, a massive O-type HVR star
moving through the ISM at ~ 160 km/s. The bow shock around an O-type star
BD + 60°2522, was also observed by Spitzer an infrared Space Telescope (Green et al.
2019).

The majority of stellar bow shocks are discovered in the infrared (Gvaramadze et
al. 2013), and it is likely this will also be the case for HVRs, (perhaps even with the
newly launched James Webb Space Telescope (JWST)), however, detailed studies will
be necessary to determine e.g., whether it is heated dust in the ISM or in the shocked
wind (the reverse shock) that produce the emission (Ueta et al. 2006), with a large
number of X-ray missions, the high energy emission even from the smallest bow
shocks may be detectable perhaps as point source emission. Similarly with such
high Mach number shocks emission at radio wavelengths may also be generated.
The details of potential observability is beyond the scope of this thesis, but planned
for future work.
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Chapter 7

Conclusion

7.1 Summary and Conclusion

We have presented 2D and 3D axis-symmetric hydrodynamic models in cylindrical
coordinates of the interaction of the stellar winds of massive MS and RSG HVRs
with the ISM. The focus was on massive HVR stars moving with space velocities
of 200 km/s and 400 km/s, which can most likely be produced via dynamical ejec-
tions. The MS and RSG evolutionary phases have different stellar wind parame-
ters (e.g., mass-loss rates and wind velocities), which resulted in different ram pres-
sures of the stellar wind, and thus significantly different stand-off distances (Rsop).
The stellar winds of these HVRs were investigated when colliding with different
ISM phases (HIM, HII region, WNM, and CNM), which have different temperatures
and densities, which also resulted in different ram pressures for the ISM. The pre-
sented models were simulated while taking into account thermal conduction and
radiative cooling for the MS HVRs and only radiative cooling for the RSG HVRs.
The implemented thermal conduction was based on Vaidya et al. (2017), while the
implemented radiative cooling was based on Ploeckinger and Schaye (2020), ap-
propriately modified for stellar wind bow shocks. The processes that were taken
into account for radiative transfer were atomic cooling; molecular vibrational, colli-
sional and rotational cooling; bremsstrahlung cooling; cosmic ray heating; Compton
cooling /heating; dust grain cooling/heating and radiation heating from the HVR
star. The photoionization and collisional ionization equilibrium (CIE) cooling curves
were used when modelling bow shocks of MS and RSG stars, respectively.

The resolution, initial and boundary conditions of the presented 2D and 3D mod-
els of the bow shock structures of the HVRs were chosen based on our PLUTO code
test results. Firstly, we performed extensive 3D AGB star’s freely expanding stellar
wind models for testing the numerics in PLUTO, i.e., testing different static grid ge-
ometries, solvers, limiters and convergence with resolution, while comparing with
the analytic models from Gawryszczak, Mikofajewska, and Rézyczka (2002), (see
Appendix B). Secondly, we tested the effect of including additional physics to our
models by conducting 2D adiabatic, thermal conduction and radiative cooling bow
shock models for runaways stars moving with 40 km/s, which were then verified
through comparison with the analytic models (i.e., the Wilkin 1996 analytic solution)
and the literature (i.e., the Meyer et al. 2014 models), (see Chapter 4). Finally, fur-
ther 2D resolution tests were performed for bow shocks around MS and RSG HVRs
moving at 200 km/s through the WNM of density 0.57 cm~2 in adiabatic, thermal
conduction and/or cooling conditions (see Chapter 5).

Our results agree well with the work by Meyer et al. (2014). Thermal conduction
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was important when modelling bow shocks around MS stars, because it signifi-
cantly affected its size (by making it larger) and structure (by making it more sta-
ble with little or no instabilities). However, cooling was important for both MS and
RSG models, since it made the bow shock smaller, because it decreased the thermal
pressure of the wind and resulted in a smaller stand-off distance (Rspop). The bow
shocks around RSG HVRs had significant growth of instabilities compared to the
bow shocks around MS HVRs, which was expected according to the non-linear thin-
shell instabilities by Dgani, van Buren, and Noriega-Crespo (1996), which states that
the instability growth rate is low for the ;* << 1 case (e.g., MS HVR stars) and high
for the 7= >> 1 case (e.g., RSG HVR stars).

In addition, because of these high space velocities of HVRs and the velocity shear
between the stellar wind and the ISM, Kelvin-Helmholtz instabilities were excited,
which dominated in models with higher space velocities; while owing to the high
density contrast between the stellar wind and the ISM, Rayleigh-Taylor instabilities
were excited, which dominated in models with lower ISM densities. All the models
of the bow shocks around MS HVRs converged toward the Wilkin (1996) analytic
solution, while most of the bow shocks around RSG HVRs diverged away from the
Wilkin (1996) analytic solution because of the carbuncle phenomenon, (see Chapter
6 and Appendix C.1). The 2D maps of the HVR models showed that the bow shock
becomes smaller with increase in ISM density or space velocity while keeping other
parameters unchanged, as expected from the Wilkin (1996) analytic solution. An in-
crease in one or both of these two parameters also resulted in the bow shock models
reaching steady state much quicker, in addition, the high space velocities resulted in
a shorter dynamical timescale (74y,) than the cooling timescale (7coo1)-

The 3D HVR models were only conducted for RSG WNM models, due to the lim-
ited computational time available, and the high cost of necessary resolution and the
inclusion of thermal conduction for the MS case. In addition, because of limited com-
putational resources, only the WNM was chosen because it fills a significant volume
of the Galactic disk (Draine 2011), and so is interesting from an observational per-
spective. Furthermore, the 200 km/s model exhibited the carbuncle phenomenon
while the 400 km/s models did not. The comparison between the 2D and 3D mod-
els showed that the major difference between the two is in their bow shock size and
instabilities. The 3D models were ~ 1.8% larger than the 2D models and the flow
characteristics were more realistic because of the extra dimension, which permit-
ted more movement of the fluid and thus differences in the formation and growth
of instabilities. The similarity between the 2D and 3D models was that they both
exhibited the carbuncle phenomenon.

7.2 Final remarks

The models presented in this work have some limitations; firstly, possibly due to
the axis-symmetric cylindrical coordinates both the 2D and 3D models of RSGs ex-
hibited the carbuncle phenomenon, an artificial and unphysical build-up of fluid
at the apex of the bow shocks; possible approaches for addressing this in future
work would be to use an asymmetric geometry, or to have the star travel at an angle
through the grid, however according to Elling (2006), ways of avoiding it are trial
and error because the theory behind it is poorly understood. Secondly, higher reso-
lution is computationally costly, but this can be solved by applying adaptive mesh
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refinement (AMR), which will enable an increase in resolution only at the shocked
regions of the bow shock structures with reasonable computational cost. Third, the
initial conditions of the stellar wind and ISM parameters remain constant through-
out the simulations, as such, we did not get bow shocks with evolving stellar wind
parameters and changing ISM properties; in future work this will be corrected by
coupling these hydrodynamic models to stellar evolutionary codes (e.g., MESA (Pax-
ton et al. 2011)) and considering a heterogeneous ISM. Finally, for simplicity we did
not include the effects of magnetic fields (e.g., the interstellar magnetic field can in-
hibit the instabilities (van Marle, Decin, and Meliani 2014)) and stellar rotation (e.g.,
rotation of stars results in the polar region being hotter than other regions of the
surface of the stars, which in turn results in anisotropic stellar winds (Maeder and
Meynet 2011)), but we consider including them in future work.

Studying stellar wind bow shocks is important because it can help constrain stellar
wind properties (e.g., mass-loss rates and wind velocities), and ISM properties (e.g.,
ISM densities and temperatures). In addition, studying bow shocks produced by
HVRs has one major advantage over runaway stars, because HVRs move at higher
speeds which will enable them to interact with more of the ISM in their paths before
reaching the end of their lives, for example, HVRs can interact with other ISM phases
that are different to that of their origin, thus enabling us to study the properties of
ISM phases further away from where the HVRs were formed. Furthermore, the high
space velocities of HVRs which are comparable to the Galactic escape velocity can
also enable these stars to leave their host galaxies and interact with mediums out-
side of it, which would be interesting for studies of the mediums in the outskirts of
galaxies. The major disadvantage of studying bow shocks of HVRs is that they are
very small compared to that of runaways, which raises the question of the observ-
ability (in terms of resolution) of HVR bow shocks, for example, it would be difficult
to identify whether or not the emission is from a bow shock if they are observed as
point sources.

These HVRs’ bow shocks are small with stand-off distances (Rsop) ~ 8.0 x 10~% —
1.3 x 107! pc for MS stars and ~ 6.0 x 1073 — 8.9 x 107! pc for RSGs. The larger
value of the stand-off distances in these ranges correspond to HVR models for which
the ISM phase is the HIM, and as seen from Figures 6.1 - 6.8 of their models, the den-
sities and temperatures of the unshocked ISM are comparable to that of the shocked
regions, suggesting it might be difficult to observe them, even though their stand-
off distances are in agreement with the previous observations (for example, the bow
shocks of Betelgeuse, Vela X-1 and CPD — 64°2731 have stand-off distances ~ 0.3,
0.57 and 0.9 pc, respectively (Mohamed, Mackey, and Langer 2012; Gvaramadze
et al. 2018; Gvaramadze et al. 2019, and references therein)). In addition, the small
values of stand-off distances in these ranges result in the bow shocks being closer to
the central star, meaning most of the bow shocks may be difficult to make direct
observations even with current high resolution telescopes, however, their strong
shock interactions result in high emissivities (~ 1073 — 1072 erg cm ™3 s~! and
~ 1072 — 10722 erg cm 3 57! for MS and RSG stars, respectively), which may con-
tribute to, and need to be taken into account, when investigating the stellar (point
source) emission.

In future work, the potential of observing these bow shocks of HVRs will be inves-
tigated by making multi-wavelength estimates using radiative transfer codes (e.g.,
TORUS (Harries 2000)), in addition to producing synthetic images of the emissions of
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these bow shocks in different wavelengths (e.g., ultraviolet, Ha, infrared and radio).
Future observations by advanced telescopes such as the James Webb Space Telescope
(JWST) which is mainly designed for infrared observations, promises to find more
bow shocks since they are mostly observed in the infrared (Gvaramadze et al. 2013,
and references therein), and high resolution radio telescopes such as the Square Kilo-
metre Array (SKA) might find more radio emitting bow shocks similar to the recently
discovered radio emission from the bow shock of Vela X-1 by MeerKAT, an SKA
pathfinder (van den Eijnden et al. 2022).
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Appendix A

Solving the Riemann problem

In this appendix, we describe in detail each of the different solvers tested and dis-
cussed in Chapter 2, for which the test results are presented in Appendix B. In addi-
tion, equations and figures are used to show how each solver works when tackling
the Riemann problem. The details for the TWO-SHOCK, ROE, AUSM+, HLL, HLLC
and TVDLEF solvers are described in Sections, A.1, A.2, A.3, A.4, A.5 and A.6, respec-
tively.

A1l TWO-SHOCK Riemann solver

To better understand how the two-shock approximate Riemann solver works as
shown in Colella and Glaz (1985), let’s first start by writing Equation 2.7 in 1D and
set U = A and F = B so that we have

BA JdB(A)
ot Jx

Then the Riemann problem is the initial value problem for the Equation A.1 with
initial data (Colella and Glaz 1985) as

=0, (A1)

A, x<0,
A(x,0) = {Ai o (A2)

where Ay, and Ag, respectively, represents the left and right interface states as shown
in Figures (2.5 and A.1), as U, and Ug respectively, where the * in Figure A.1 repre-
sents the region of the contact discontinuity (Colella and Glaz 1985).

FIGURE A.1: The x — t space showing the solution of the Riemann problem, where x is
position and ¢ is time. [Credit: Colella and Glaz (1985)].
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Figure A.2 shows in simple terms what Figure A.1 illustrates, which is when
the left state A and right state AR are treated as shock waves when we have a
two-shock approximate Riemann solver, and the wave at the center across which
pressure and velocity remain constant is referred to as the contact, such that we
have shock-contact-shock Riemann in the x — ¢ plane (Colella and Glaz 1985; Rider
1999).

x/t=0
A

shock contact shock

FIGURE A.2: The physical representation of the two-shock approximate Riemann problem
with the two shock waves. [Credit: Rider (1999)].

A.2 ROE Riemann solver

To better understand how the Roe solver works, let’s consider a 1D advection equa-
tion as shown in Equation A.1, such that M = g—g, which is a matrix of a jacobian
form so that we have only the real eigenvalues (Roe 1981). Since B is a function of
A, the Roe solver finds the solution of the Riemann problem by considering an ap-
proximate solution of the approximate problem of Equation A.1 by using a matrix
as follows:

0A - 0A

o5 +M i 0, (A.3)
where M is a constant matrix, the advantage is that it results in the unaltered data of
the interface states (A, Ar) (Roe 1981) as shown in Equation A.2. In addition, M is
chosen in such as way that it suits the local condition and the only matrix M(Apr, AR)
that is acceptable must satisfy the following conditions: (1) The matrix must map
linearly from vector space A to B (Roe 1981). (2) The matrix M(Ar, Ar) — M(A) as
AL — Ar — A, where M = 98, (3) M(Ar, ARr) x (AL — Agr) = Br — By for any
values of Ar, Ag. (4) The linearly independent eigenvectors of matrix M. In simple
terms, the matrix M must be a "property U" matrix, see Roe (1981) for more details
about the Roe solver.

A.3 AUSM+ Riemann solver

Equation A.4 shows how the AUSM+ works, it illustrates for example how we can
determine the flux B of Equation A.1 for the interface i + 3 of Figure 2.5 whose
interface states are represented in Equation A.2 as

(A.4)

1 1
Bi+% IMH_%E[HAL—FQAR} _E‘MH_%‘[QAR_QAL] +Pi+%’
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where a is a constant, M., ;1 is the Mach number of the interface, and they are related

i+3
through the velocity u; 41 =aMi .y, while P, 1is the pressure, see Liou and Steffen

(1993) for the full derivation of this equation.

In simple terms, the RHS of Equation A.4 shows the left and right states as a Mach-
number-weighted average instead of the traditional simple average of the interface
states (Liou and Steffen 1993), so this method uses the speed to alter and represent
the interface state as a way of tackling the Riemann problem, while treating the con-
servative and pressure terms separately (Liou and Steffen 1993; Foo et al. 1995).

A.4 HLL solver

To see how the HLL solver handles the Riemann problem, let’s consider a set of
conservation laws as shown in (A.1). Since in numerical methods the conservative
laws are based directly on the integral form (Toro, Spruce, and Speares 1994) then
the differential conservation law of form (A.1) can be written in integral form as

}{ (Adx - B(A)dt) —0. (A.5)

The interface states which form the Riemann problem are as shown in Equation A.2,
and Figure A.3 below shows the Riemann problem’s structure of the solution.

& Dy
y we k 5,
et I,
%,

x

FIGURE A.3: The structure of the solution of the Riemann problem with Ay and Ay as the

data for the left and right separated by x = 0 in the x — ¢ plane, showing three waves (the

left, middle and right waves). The middle wave is the contact discontinuity, while the left

and right waves are non-linear, which can either be shocks or rarefactions. The region where

the variables have the (*), is called the star region and it is where we want to determine the
flux, by solving the Riemann problem. [Credit: Toro, Spruce, and Speares (1994)].

The solution of the Riemann problem shown in Figure A.3 can be approximated
by the HLL solver as in Figure A.4 by assuming that there is no middle wave, but
only the two non-linear left and right waves, i.e., there is no contact wave in the star
region as shown in the Riemann fan of Figure A.3 (Toro, Spruce, and Speares 1994).
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FIGURE A.4: The wave structure for the HLL approximate Riemann solver for the case
where we have a subsonic flow, where Sy and Sy are the estimates for the lower and up-
per bound wave speed estimates. [Credit: Toro, Spruce, and Speares (1994)].

From Figures A.3 - A.4 and the basic assumptions of the HLL solver, we can
evaluate Equation A.5 for the rectangle ABCD which basically gives the star region’s
constant vector, A;‘ L1 and its corresponding flux vector, B;‘ L1 directly as

2 2

— SrRAR — S.Ar — (B — Bp)
i+ Sk — St ’

(A.6)

and

B* N SRBL—SLBR+SL5R(AR—AL)

Z+% - Sr — Sy ’ (A7)

where cell i and interface i + 3 are replaced by the L and R respectively as subscripts
in the right hand side (RHS) of Equations A.6 - A.7, with B = B(ARr), B, = B(Ap)
as shown in Toro, Spruce, and Speares (1994). This function of the flux forms the
basis of the Godunov-type method (Godunov 1959) with the numerical flux of the
HLL solver for the intercell given as

Bi/ for SL Z 0,
BiL%L — B:(+%/ for SL S O S SR/ (A.S)
Bi+1r fOI‘ S S 0.

See Toro, Spruce, and Speares (1994) for the full derivation of Equations A.6 - A.8.

A.5 HLLC solver

The HLLC solver works in similar way to the HLL solver, but with an improvement
such that three wave speed estimates are assumed as shown in Figure A.5, instead
of only two as shown in Figure A.4 for the HLL solver (Toro, Spruce, and Speares
1994). The assumed wave speed estimates are Sy, Syr and Sg, and Figure A.5 shows
the solution of the structure for the HLLC Riemann solver for the case of a subsonic
flow which is similar to Figure A.4 but with Sy (see Toro, Spruce, and Speares (1994)
for sonic and supersonic flow cases).
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FIGURE A.5: Structure of the waves shown in the HLLC approximate Riemann solver, with
wave speed estimates Sy, Sy and Sy for the case of a subsonic flow. [Credit: Toro, Spruce,
and Speares (1994)].

Similar to the HLL solver, we evaluate Equation A.5 in the quadrilateral ABCD
of Figure A.5, we get the fluxes in the star region (see Figure A.3 for the star region)
as

B :BL+5L(A2—AL), (A9)
similarly for the right (R) evaluated focusing on the rectangle EFGH we have

By = Br + Sr(Ar — Ag), (A.10)

what's left is to find the vector A7, where the Equations A.9 - A.10 can be expressed
as

Sr/RAL/R — Bl = SL/rRAL/R —BL/r = Q, (A1)

where () ,gr = ()L or ()r depending on whether we are dealing with left (L) or right
(R) of Figure A.5. The equation above can be written in full as

P1/R Pf/l{Z“* 71
St/r= PRt | — | PLrU“+P" | = | 22 (A.12)
El /R u*(Ej ;g +p") q3

in addition, at the contact discontinuity the speed is u* = Sy, and the unknown
vector of conserved variables in the star region can be given as

T
Al /R = |PL/R PL/RY, Ei/R} / (A.13)

which when determined can be substituted into Equations A.9 and A.10 to give the
direct determination of the flux in the star region of Figure A.3. See Toro, Spruce,
and Speares (1994) for detailed derivation of Equations A.9 - A.13.

A.6 TVDLF solver

To see how the TVDLF scheme works and why it does not require a Riemann solver,
let’s consider a system of conservation laws as shown in Equation A.1 with interface
state as shown in Equation A.2. To advance the solution cross the cell interface i + 3
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in a 1D grid as shown in Figure 2.5, from level n to n + 1 in one transport step T such
that for cell i we have:

At
T _ LR LR
AT = Ay — 2 (BLE, — B, ) (A.14)
1
+1 _ AT LR LR
Al = AT — (@, —ofF,). (A.15)

Note that terms of the form AALR = AR — AL denotes the difference, with the term
®IR denoting the dissipative limiter, which is a function of some symmetric aver-
age AR (T6th and Odstreil 1996). For TVD, the flux B and the dissipative limiter &
could be combined in a single modified flux (T6th and Odstr¢il 1996).

Yee (1994) multiplied the term <I>Z4L+Rl by the local Courant value in order to reduce the

diffusivity of the original TVD scheme, resulting in a method that is computationally
efficient and consistent with the solution of the schemes that use Riemann solvers
(Yee 1994; Toth and Odstreil 1996). In addition, this TVDLF scheme preserves many
of the important properties of the original TVD scheme and it is given as

At
TVDLF _ LR
d)l.+% = Axc?jf;AA , (A.16)
where ¢""{ is the local Courant number (T6th and Odstrcil 1996). This equation is

i+3
how the TVDLF scheme finds the flux at interface i + % without using a Riemann
solver. See T6th and Odstréil (1996) for the full derivation of Equations A.14 - A.16.
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Appendix B

Exploring the PLUTO code with
models of spherical winds

In this appendix, we present our exploration of the PLUTO CODE USING A model of
a freely expanding stellar wind generated by a stationary (asymptotic giant branch
(AGB)) star with respect to the ISM. The results are compared to the analytical so-
lution shown in Figure 2 of Gawryszczak, Mikolajewska, and Rézyczka (2002). The
expansion of the stellar wind from near the surface of the star (~ 2 AU) to the outer
distances away from the star (~ 10 AU) is simulated in 3D for different coordinate
systems (cartesian, spherical and polar-cylindrical). For each coordinate system, we
investigate the effect of resolution and different solvers, in addition to other parame-
ters such as the limiter for the reconstruction process and the CFL value for stability
and efficiency.

We conducted a resolution/convergence test in which we compared the analytic
solutions to models with increasing resolution. A model would be considered to
have converged if the increase in resolution did not significantly affect the results;
see Zingale (2013) for detailed discussion about convergence with resolution. We
used these tests to optimize the performance of the code for our specific problem, to
check that our resolution was sufficient to properly capture the physics and to be as
computationally efficient as possible.

In addition, for each coordinate system we tested different solvers (TWO-SHOCK,
ROE, AUSM+, HLLC, HLL and TVDLF) at a specific resolution (i.e., resolution found
to be useful from resolution tests). Testing different solvers is important because
every solver performs best for specific types of problems. For the purpose of this
project we need a solver that can easily resolve and capture shock waves, a key com-
ponent of bow shock models. In the literature, they mention which solvers are best
to use for specific problems as well as their advantages and disadvantages, as dis-
cussed in the Chapter 2 and Appendix A. The additional advantage of testing solvers
here is that their limitations and efficiency can be checked for specific problems, in-
stead of general problems mentioned in the literature.

All the tests were performed in 3D, and run with 240 processors. Based on the
literature and discussions in Chapter 2 and Appendix A, we chose to start doing
our tests using the following configuration, i.e., the default parameter settings were:
grid resolution Nyones = 1283, HLL solver, VANLEER limiter and CFL = 0.1, except
for the tests involving that parameter. The analytic solutions from the literature are
derived in Section B.1, and the test results are presented in Sections B.2 - B.9 with the
summary in B.10.
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B.1 The analytical solution of the free expanding stellar wind

As in Gawryszczak, Mikotajewska, and Rézyczka (2002), let’s consider a symmetric
stellar wind which is spherical and stationary, then the density, p, velocity, v and
pressure, P, are all a function of only the radius, r. This means the continuity equa-
tion becomes

0= (B.1)

where « is a variable related to the mass-loss rate M as & = %, and in addition the
momentum equation reduces to

dv 14pP
Z_ B.2
e p dr (8.2
In order to eliminate P, let’s consider the polytropic equation of state:
P =xp?, (B.3)

where « is the polytropic constant and vy is the adiabatic index. Since we are dealing
with the freely expanding wind, the pressure at the surface of the star can be given
as

P = (y—1)pu, (B.4)
where u is the internal energy, and is related to the temperature, T, as follows
u= ékB—T, (B.5)
2 p

where kg is the Boltzmann constant and y is the mean molecular weight. Combining
Equations B.3, B.4 and B.5 gives the polytropic constant as a function of density and
temperature as

K= (ZV) (T=7)p" 7. (B.6)
Now substituting Equation B.3 into B.2, we get
do  1d(xp7)
v = o dr (B.7)
which reduces to
do d
40 _ e or2 2P
v = Kyp I (B.8)

Differentiating Equation B.1 using the quotient rule results in

dj_ a du 204] (B.9)

dr  Lr2o2dr 130

From the combination of Equations B.8 and B.9 we can get the analytical solution of
the density as

do p 2
dr ~ rra g 1 (B0
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or the analytical solution of the velocity as

do_xpp 2 B11)

dr v 7 ka—2yrtp(r ) — 1
We can then derive the temperature as a function of radius by considering the equa-
tion of state relating the density and temperature as
_ kgT

P , (B.12)
p

Combination of B.3 and B.12 gives the analytical solution of the temperature as

T="For. (B.13)
kg
Equations B.10, B.11 and B.13 are the analytical solutions that will be compared to the
models during our code tests of a freely expanding stellar wind. See Gawryszczak,
Mikotajewska, and Rézyczka (2002) for more details about the analytical solution of
the spherical-symmetric stationary wind.

B.2 Cartesian coordinates

B.2.1 Testing different resolutions

We can see from Figure B.1 that as the resolution is increased, the wind becomes
more spherical, this shows the importance of resolution to our stellar wind prob-
lem. At low resolution of Nyones = 647 the wind outflow is symmetric but not
spherical, instead we get artifacts which form a cross like structure extending to
the outer boundaries. This behavior is unphysical, but as the resolution is increased
to Nyones = 128% and then to 2563, the models become more and more reliable, which
is also shown in Figure B.2 where higher resolution models agree more with the an-
alytical solution than low resolution models.

In addition, the velocity plots of Figure B.1 are a good way to see the impact of
cartesian coordinates and resolution on spherical winds, because as the resolution is
increased, the yellow cross like structure which is clearly due to this cartesian coor-
dinate system becomes even less prominent. This means increasing the resolution,
can reduce the influence of the grid structure on the fluid flow, but of course at the
expense of computational efficiency (see Figure B.16).
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FIGURE B.1: Convergence tests of the stellar wind models in cartesian coordinates using the
HLL solver. The top, middle and bottom row represents grid resolution Nyones = 643, 1283
and 2562, respectively. The left, middle and right columns represent density, temperature

and velocity, respectively.
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B.2.2 Testing different solvers

logi1g(Distance [AU]) logio(Distance [AU])

FIGURE B.3: 1D plots of the different solver models, which are taken from 1 AU to 10 AU

and compared to the analytic solution (black, dashed line) which ranges from 2 AU to 10

AU. The red star, the orange triangle, the blue dot, the yellow cross and the purple vertical
line represent the ROE, AUMS+, HLLC, HLL, and TVDLEF solvers, respectively.

The efficiencies of the different solver were found to be similar (see Table B.1 and
Figure B.16), however, from the temperature and the velocity profiles in cartesian
coordinates for each case as shown in Figure B.3, the result with TVDLF solver show
better agreement with the analytic solution; even though it is the most dissipative
(Vaidya et al. 2018).

B.3 Spherical coordinates

B.3.1 Testing different resolutions

The advantage of using the spherical coordinate system is that we get a spherical
and symmetric stellar wind outflow with no numerical artifacts at every resolution,
and for each solver, as shown in Figure B.4. The resolution Nyones = 2563 is too
computationally expensive which is why it is not included, but from resolution 643
and 1283 it is clear that higher resolution models show closer agreement with the
analytic solution (see Figure B.5).

14
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FIGURE B.6: The same as Figure B.3 but for spherical coordinates.
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For this coordinate system, looking at the density, temperature and velocity profiles
in Figure B.6, the models obtained using different solvers produce very similar re-
sults, with the TVDLF solver in slightly better agreement with the analytic solution.
In addition, looking at the efficiencies of solvers in spherical coordinates in Table B.1,
TVDLEF is more efficient than the other solvers.

B.4 Polar-cylindrical coordinates XY-plane

B.4.1 Testing different resolutions
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FIGURE B.7: The same as figure B.1 but for polar-cylindrical coordinates.
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FIGURE B.8: The same as Figure B.2 but for models in polar-cylindrical coordinates.
Looking first at the XY-plane with the Z as the normal in Figure B.10, we see a sym-
metric and spherical wind outflow, with similar advantages for different resolutions
and solvers as mentioned in the previous section of spherical coordinates. However,
at the lower resolution of N,ones = 64°, the wind is more smeared-out than at higher
resolution, and the density, temperature and velocity profiles for lower resolution
shows poor agreement with the analytical solution (see Figure B.8), especially in the
temperature profile. Even though the winds are spherical and symmetric, we see
the importance of higher resolution in order to obtain numerical models that are
consistent with the analytic solutions.
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FIGURE B.9: The same as Figure B.3 but for polar-cylindrical coordinates.

A disadvantage of this coordinate system is that, as indicated in Table B.1, only four
solvers were compatible. In the XY-plane of this coordinate system, all the models
obtain using the different solvers are symmetric and spherical as shown in Figure
B.7 for the density, temperature and velocity cross-sections. The profiles of the dif-
ferent solver models are shown in Figure B.9, and all show good agreement with
the analytical solution, again with the TVDLF performing slight better as shown in
Table B.1 and Figure B.16, the solvers have very similar efficiencies.
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B.5 Polar-cylindrical coordinates XZ-plane

B.5.1 Testing different resolutions
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FIGURE B.10: The same as figure B.7 but in the XZ-plane of the polar-cylindrical coordinates.
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FIGURE B.11: The same as Figure B.8 but for the XZ-plane of the polar-cylindrical coordi-
nates models shown in Figure B.10.

The XZ-plane of this coordinate system as shown in Figure B.10, is similar to the
cartesian case, with disadvantages such as aspherical winds and artifacts dues to
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the grid. In addition, the axis of the cylindrical grid is visible in every model, but
it becomes less prominent at higher resolution, again this shows the importance of
resolution. In addition, the cross-like structures that appear in the velocity plots
also disappear at higher resolution similar to the cartesian case, In addition, agree-
ment with the these models agree more with the analytical solution improves with
increasing resolution (see Figure B.11).

B.5.2 Testing different solvers
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FIGURE B.12: The same as Figure B.9 but for XZ-plane of the polar-cylindrical coordinates.

For the different solvers in the XZ-plane of this coordinate system, the model ob-
tained with the TVDLF solver seemed to be more spherical compared to the other
solvers, and as shown in Figure B.12, followed the analytic solution more closely.

B.6 Comparison of cartesian, spherical and polar-cylindrical
coordinates for resolution 64° and 1282 with HLL solver

To illustrate how the model of the freely expanding wind in different coordinate sys-
tems compares to the analytic solutions, we present in Figure B.13 the plots showing
how the density, temperature and velocity at each radial coordinate changes for each
coordinate system compared to the analytic solution. The results show that on over-
all using our default parameter setting, the polar-cylindrical coordinates is the best
performing coordinate systems for modelling spherical stellar wind. In addition,
at lower resolution Nyones = 64° the spherical coordinate system performs better
than the cartesian, however, at higher resolution N,ones = 1233 their performance is
similar.
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FIGURE B.13: Comparing different coordinates system using the same HLL solver at the

same resolution. The yellow star, red triangle and blue dot represents the model obtained

using the cartesian, spherical and polar-cylindrical coordinates system, respectively. The top
and bottom row is for grid resolution Nyopes = 643 and 1283, respectively.

B.7 Different limiters

Limiters, as discussed in detail in Chapter 2, function to make sure that there is no
overshoot and undershoot in each cell of the grid and no oscillations at discontinu-
ities. The OSPRE and VANLEER were the only compatible limiters for the problem
under investigation (i.e., the symmetric and spherical outflowing wind). The tests of
these limiters were performed in 3D cartesian coordinates, resolution N,ones = 128°
and solver HLL because we wanted a more robust and efficient configuration for
conducting the tests. The results compared to the analytic solution turned out to
be very similar as shown in Table Figure B.14, as were their efficiencies (Table B.1
and Figure B.16). The goal was to check if the limiter can have a huge impact on
the model output, but it turns out no significant impact was found. This is the case
because limiters are important in regions of the grid where discontinuities arise (Zin-
gale 2013), and these are absent from the stellar wind problem chosen. Fully testing
the limiters is thus left for future work.
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FIGURE B.14: The yellow stars and the red triangles represent models obtained using the
OSPRE and VANLEER limiter from 1 AU to 10 AU of the models, respectively, compared to
the analytical solution from 2 AU to 10 AU (black dashed line).
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FIGURE B.15: These plots compare the models obtained using the CFL value of 0.01, 0.1 and

0.4 which are represented by the yellow star, red triangle and blue dot, respectively. These

plots are taken from 1 AU to 10 AU of the models, and they are compared with the analytical
solution represented by the back dashed line.

Different CFL values were tested using the same configuration as that above for
section B.7 with the VANLEER limiter set. CFL values are important for the stabil-
ity of the code, and indeed as mentioned in Beckers (1992), Mignone et al. (2007),
Zingale (2013), and Vaidya et al. (2018), in 3D for stability 0 < CFL < 0.5, models
with CLF values of -0.1 and 0.6 were tested and did not converge. From our tests,
as CFL — 0, the simulation becomes more stable but also because the timestep is
smaller more computationally expensive, and that as CFL — 0.5 the simulation be-
comes less stable but more computationally efficient, which is consistent with the
literature (Mignone et al. 2007; Zingale 2013; Vaidya et al. 2018). In addition, for
the small values tested here the results compared to the analytic values were similar
as shown in Figure B.15. Overall we found its best to use CFL = 0.1 to guarantee
stability and efficiency.
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B.9 Computational cost for different model parameters

In this section, we present the efficiency of the different configurations of each test
models in terms of the Nyones per core per second for each model to reach a steady
state (i.e., until the physical properties of the stellar wind at each radial coordinate
no-longer changes with time). The results are shown in Table B.1 and Figure B.16,
where firstly we have the time taken for the wind simulation to reach a steady state
while using a Nyones = 1283 resolution and for different solvers. Secondly, while
using the cartesian coordinates, resolution Nyones = 1283, and the HLL solver for
different limiters. Third, while using the cartesian coordinates, resolution Nyones =
1283, the HLL solver and the VANLEER limiter for different CFL values.

TABLE B.1: The performance of the code measured in Nyones per core
per second for the stellar wind simulation to reach a steady state
while using 240 processors for the test models.

Coordinate system
Cartesian | Spherical | Polar-cylindrical
Grid 643 3.79 0.674 2.02
Resolution 1283 16.2 0.325 441
(Nzones) 2563 29.9 - 4.32
TWO-SHOCK - - -
ROE 16.2 0.299 -
Solver AUSM+ 16.2 0.347 4.57
HLLC 16.2 0.331 4.50
HLL 16.2 0.347 4.33
TVDLF 15.2 0.361 4.50
Limiter OSPRE 17.3 - -
VANLEER 17.3 - -
0.01 10.1 - -
CFL value 0.1 17.3 - -
0.4 17.3 - -

Note: Parts with (-) are not compatible with our testing configuration or are too
computationally expensive.
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FIGURE B.16: Plots showing the performance of PLUTO code, while testing its numerics with

respect to the Nyones per core per second by using a freely expanding stellar wind produced

by a stationary star, the runtime is the time taken for the simulated stellar wind to reach a

steady state. Presented in this figure is the runtime of cases in Table B.1 with respect to the

coordinate system. We have the resolution tests, solver tests, limiter tests and CFL value
tests, in the first, second, third and fourth columns, respectively.
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m 0.01
N 0.1
s 0.4




Appendix B. Exploring the PLUTO code with models of spherical winds 105

B.10 Summary of code tests

All the tests were performed in 3D, and ran with 240 processors. The default param-
eter settings were: grid resolution Nyones = 1283, HLL solver, VANLEER limiter and
CFL=0.1, except for the tests involving that parameter. The density, temperature and
velocity profiles of the models are plotted from 1 to 10 AU, while the corresponding
analytical solutions, represented by equations B.10, B.11 and B.13 are plotted from 2
to 10 AU with the initial conditions taken from the respective models at 2 AU.

Overall, we conclude that the best coordinate system to use for spherical winds is
the spherical, but at a lower resolution of N,ones = 1282 because it is computation-
ally intensive. However, for bow shocks, where we go into the frame of reference of
the moving star, and have the ISM medium flowing past, the polar-cylindrical sys-
tem is used instead because then we can easily define the inflow material and have
a spherical wind in the direction of motion, but using resolution Nyones > 2563, to
guarantee that we eliminate the artifacts that occur at the axis due to the geometry
(see Figure B.10). We set the star to move parallel to the XY-plane and perpendicu-
lar to the XZ-plane as shown in Figures B.7 and B.10, respectively. In addition, the
advantage of this coordinate system is that it is more computationally efficient than
the spherical case (but it is less efficient than the cartesian as shown in Table B.1 and
Figure B.16). The density, temperature and velocity profiles of its models as shown
in Figure B.13, also agree well with the analytical solution in all the resolutions com-
pared to the other coordinate systems.

So in conclusion, the best configuration to use for the spherical stellar winds in 3D is
the polar-cylindrical coordinates, with resolution Nyones = 2563, the TVDLF solver,
any of the limiters and the CFL = 0.1. The concerns about the TVDLF is that it is not
a good shock capturing solver, it is more dissipative, and it does not use a Riemann
solver. Since the second best performing solver is HLL, for modelling bow shocks
we chose it instead as it is a good shock capturing solver which uses the Riemann
solver. A full exploration of the different configurations for bow shocks will be car-
ried out in the future. For example, the MINMOD limiter which was not tested here,
maybe used when modelling bow shocks because of its shock capturing ability and
efficiency (Zingale 2013).

It is important to note that this freely expanding wind test problem may not be ideal
for showing the differences between solvers, but the main purpose of this freely ex-
panding wind test problem was to explore the code. Only a small number of test
problems could be conducted within a certain period of time given our limited com-
putational resources. In future work, shock test problems will be used to further in-
vestigate the different solvers, to see how the solvers are able to resolve the contact
discontinuity, shocks, and how good the different schemes are at capturing KH/RT
instabilities.
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Appendix C

Supplementary plots

As discussed in Chapter 5, resolution is an important consideration when conduct-
ing numerical simulations in adiabatic, thermal conduction and/or cooling condi-
tions, and as discussed in Chapter 6, stellar evolutionary phase, space velocity and
ISM phase have a significant impact on the morphology and evolution of stellar bow
shocks. Here we present additional plots to support arguments made in Chapter 5
(for the HVR resolution tests) and Chapter 6 (for the HVR studies of the effect of
space velocity and ISM phase on the bow shock). We compare the HVR models
to the Wilkin (1996) analytic solution in Section C.1. We present the corresponding
Mach number plots in Section C.2. For studying the effect of space velocity and
ISM phase on the bow shock, we also present the models at their early stages before
reaching steady state or before exhibiting the carbuncle phenomenon in Section C.3.
And in Section C.4, we present 3D projections of the WNM models for the study of
the effect of space velocity and ISM phase on the bow shock.

C.1 Comparing model to Wilkin (1996) analytic solution in
2D maps

To clearly show how the Wilkin (1996) analytic solution traces the shocked region of
the bow shock, we plot it on top of the 2D maps as shown in Figures C.1 - C.2 for the
resolution study, and Figures C.3 - C.4 for the studies of the effect of space velocity
and ISM phase on the bow shock.
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FIGURE C.1: Comparing the Wilkin (1996) analytic solution (black-dashed-curve) to the den-
sity plots at steady state, for the bow shocks produced by MS stars moving at 200 km/s, for
the adiabatic case (top row) and for the cooling & thermal conduction case (bottom row)
for grid resolutions, Nyones = 642, 1282, 256% and 5122 (the first, second, third, and fourth
column, respectively).
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FIGURE C.2: Comparing the Wilkin (1996) analytic solution (black-dashed-curve) to the den-

sity plots at steady state, for the bow shocks produced by RSG stars moving at 200 km/s,

for the adiabatic case (top row) and for the cooling & thermal conduction case (bottom row)

for grid resolutions, Nyones = 642, 1282, 256% and 5122 (the first, second, third, and fourth
column, respectively).



Appendix C. Supplementary plots

108

0.4 0.1
MS_HIM200 MS_HI1200
0.2 t =20.63 kyr t =3.29 kyr
: w— (Wilkin 1996) w— (Wilkin 1996)
~4 ~ R(0°)=0.112 pc R(0°)=0.016 pc
0.0 iy = R(90°)=0.193 pc 0.0 W R(90°)=0.028 pc
) \
2-0.2 \
-0.4 2 -0.1
-0.6

08002040608 1012 %0

0.05

MS_WNM200
t=1.27 kyr
w— (Wilkin 1996)
R(0°)=0.011 pc
(W= R(90°)=0.02 pc

MS_CNM200
t = 0.49 kyr
w— (Wilkin 1996)
R(0°)=0.002 pc
{mmm— R(90°)=0.003 pc

MS_CNM400
t=0.78 kyr
w— (Wilkin 1996)
R(0°)=0.001 pc
jmm— R(90°)=0.001 pc

0878000 0.0075
x [pc]

RSG_CNM200
t=3.03 kyr
w— (Wilkin 1996)

R(0°)=0.011 pc
= R(90°)=0.02 pc

RSG_CNM400
t = 0.98 kyr
= (Wilkin 1996)
R(0°)=0.006 pc
s R(90°)=0.01 pc

01 02 03 °%oo 0.02

02 MS_HIM400 MS_HI1400 MS_WNM400
t = 48.89 kyr t=0.78 kyr t = 0.49 kyr
-~ \ w— (Wilkin 1996) w— (Wilkin 1996) w— (Wilkin 1996)
R(0°)=0.061 pc R(0°)=0.008 pc R(0°)=0.006 pc
0.0 ‘\ — R:SD)°)=0.105ppc 0.0 - — R:90)°)=0.014ppc 0.00 — nzso{’)=n.ol :c
v \
o
— \
>—0.2 \
-0.4
00 02 04 06 “9bo 0.1 ~0-%.00 0.05
x [pc] x [pc] x [pc]
FIGURE C.3: Comparing the Wilkin (1996) analytic solution (black-dashed-curve) to the den-
sity plots of the MS bow shocks for stars moving at 200 km/s (top row) and 400 km/s (bot-
tom row) with respect to the ISM. The ISM phase in the first, second, third and fourth column
is the HIM, HII region, WNM and CNM, respectively.
4 0.4 0.2
RSG_HIM200 RSG_HII200 RSG_WNM200
2 t = 244.45 kyr 0.2 t = 34.22 kyr 01 t = 14.67 kyr
= (Wilkin 1996) w— (Wilkin 1996) * w— (Wilkin 1996)
0 L;\ =reomiaerne | 0-0 = reomoastee] 0.0 e
9] -0.2
22 \‘ (‘\ }z‘\ -0.1
- -0.4 .
-4 06 02 -0.2
i 5
-6 -0.8 -0.3
8 2 4 6 8 10 12 180020406081.0121.4 2000102030405 0.6
2 0.2 0.1
RSG_HIM400 RSG_HI1400 RSG_WNM400
t = 146.67 kyr t = 195.56 kyr t = 195.56 kyr
. e (WI:kI_n 1996) — (WI!’kI-n 1996) — (Wl:kl-n 1996)
0 B\ = rovoroaspe | 0-0 —=roomomsec| 0.0 — o
v \
o
= % -0.2
-2 -0.1
-0.4
~4 2 i 6 00 02 04 06 %90
x [pc] x [pc] x [pc]

x [pc]

FIGURE C.4: Comparing the Wilkin (1996) analytic solution (black-dashed-curve) to the den-

sity plots of the RSG bow shocks for stars moving at 200 km/s (top row) and 400 km/s

(bottom row) with respect to the ISM. The ISM phase in the first, second, third and fourth
column is the HIM, HII region, WNM and CNM, respectively.

C.2 Mach number

To clearly show how the velocity of the fluid compares to that of the sound speed, we
use the Mach number plots, which show regions of the bow shock where the fluid
flow is supersonic (> 10°), sonic (= 10°) and subsonic (< 10°) for the resolution
study in Figures C.5 - C.6 and for studies focusing on the effect of space velocity and
ISM phase on the bow shock in Figures C.7 - C.8. These plots clearly show that the
fluid is subsonic at the apex where the wind collides head-on with the ISM and the
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the tail, and that the fluid is sonic at the contact discontinuity and supersonic in the
freely expanding wind and unshocked ISM regions.
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FIGURE C.5: Mach number plots at time, t = 4.89 kyr, for the bow shocks produced by MS
stars, respectively, moving at 200 km/s, for the adiabatic case (top row) and for the cooling
and/or thermal conduction case (bottom row) for grid resolutions, Nyones = 642, 1282, 256%
and 5122 (the first, second, third, and fourth column, respectively).
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FIGURE C.6: Mach number plots at time, t = 97.78 kyr, for the bow shocks produced by RSG

stars, respectively, moving at 200 km/s, for the adiabatic case (top row) and for the cooling

and/or thermal conduction case (bottom row) for grid resolutions, Nyones = 642, 1282, 256%
and 5122 (the first, second, third, and fourth column, respectively).
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FIGURE C.7: Mach number plots of the MS bow shocks for stars moving at 200 km/s (top
row) and 400 km /s (bottom row) with respect to the ISM. The ISM phase in the first, second,
third and fourth column is the HIM, HII region, WNM and CNM, respectively.
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C.3 Bow shock formation

To demonstrate that all the models during the investigation of the effect of space
velocity and ISM phase on the bow shock did not immediately exhibit the carbuncle
phenomenon, in Figures C.9 - C.10 we present the models in their early stages before
reaching a steady state or before the build-up of fluid at the tip of the bow shock.
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FIGURE C.9: Density plots of the MS bow shocks for stars moving at 200 km/s (top row)
and 400 km /s (bottom row) with respect to the ISM. The ISM phase in the first, second, third
and fourth column is the HIM, HII region, WNM and CNM, respectively. Similar to models
presented in Figure 6.1.
4 0.4 0.2
RSG_HIM200 RSG_HII200 RSG_WNM200 RSG_CNM200
2 t=34.22 kyr 0.2 t=10.27 kyr 0.1 t=4.4kyr
0 o.oi“k 0.0
) -0.2
a2 -0.1
~ -0.4
—4 ~0.6 —0.2
-6 -0.8 —0.3
-8 —1.8 —0.6‘ —
0 2 4 6 8 10 12 .00.20.4060.81.01.21.4 .0 0.1 0.2 0.3 04 0.5 0. 0.04
2 RsG_Himaoo | 02 rsG a0 | Ot RSG_WNM400 RSG_CNM400
t=29.33 kyr t=4.89 kyr t=2.93kyr t=0.23kyr
o 0.0
v
=)
- -0.2
-2
-0.4
~ 3 3 6 00 02 04 06 %0 o1 02 03 *%oo 0.02
x [pc] x [pc] x [pc] x [pc]

FIGURE C.10: Density plots of the RSG bow shocks for stars moving at 200 km/s (top row)
and 400 km /s (bottom row) with respect to the ISM. The ISM phase in the first, second, third
and fourth column is the HIM, HII region, WNM and CNM, respectively. Similar to models
presented in Figure 6.1.
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C.4 3D plots

Here we present the 3D views of the models that where sliced and presented in
Chapter 6 for the density, temperature, velocity and emissivity plots in Figure C.11.
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