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Abstract

This thesis presents numerical simulations of the interaction of winds and shocks
with clouds and filaments. Firstly, the shock-driven evolution of a 3D filament in a
magnetised medium is investigated by varying the shock Mach number, cloud density
contrast (), magnetic field strength and orientation, and cloud aspect ratio and angle
to the shock. The morphology and lifetime of the filament is compared between
simulations and the conditions that best extend the lifetime of the filament (e.g. a
mild shock and a perpendicular/oblique magnetic field) are noted. The orientation of
the magnetic field has a significant effect on the lifetime of the filament. Moreover,
filaments in a parallel magnetic field can survive for longer if they are orientated

‘broadside’ to the shock front.

Secondly, a comparison of shock-cloud and wind-cloud interactions with increas-
ing wind Mach number at both low and high ¥ is presented. This is the first study to
demonstrate Mach scaling in a wind-cloud study and differences between wind-cloud
and shock-cloud simulations at low . It also notes the shorter normalised cloud
mixing time for the wind case, as well as the lack of Mach number dependence for
that time-scale and the normalised cloud drag time at higher . Additionally, there
are significant morphological differences between the two processes, particularly in
the progress of the shock through the cloud and in the formation of tails in the higher

X simulations.

Finally, previous shock-filament studies are extended into the isothermal regime.

The most significant finding is the large variation in the normalised evolution of the

vi



filament at high Mach numbers. Furthermore, the ‘three-rolled’ structure observed
in previous adiabatic studies is present only in sideways-oriented filaments with

x =102
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Chapter 1

Introduction

This thesis concerns simulations of the interaction of shocks and winds with spher-
ical clouds and filaments. Interstellar gas (as will be described in Section 1.1) is
inhomogeneous and therefore stellar feedback processes such as shocks and winds
can cause it to evolve in a multitude of differing ways. It is therefore important, from
both a theoretical and observational point of view, to understand the effect of these
processes in order to form a more complete picture of the nature and evolution of the

interstellar medium and, potentially, the process of star formation.

Several questions could be asked with regard to the above interactions, and
these motivate the research contained within this thesis. For example, how does the
presence of a magnetic field affect the interaction of a shock with a filament, and
is the orientation of the field with respect to the filament important? Do filaments
embedded in a magnetised medium have increased lifetimes compared to those of
spherical clouds? To what extent is the density contrast between the filament and the
ambient medium important? Could an increased density contrast slow or prevent the
destruction of the filament? What are the conditions which would allow filaments
to survive indefinitely? Previous numerical studies have examined the evolution of
filaments or tail-like structures from spherical clouds in both magnetised and non-

magnetised media but there has been no comprehensive exploration of the evolution
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of a filamentary structure in a magnetised medium using such a large parameter
space as intimated from the above questions.

Furthermore, how do the effects of winds and shocks on spherical clouds dif-
fer, given the superficial similarity of the flow in these two processes? Are such
processes broadly compatible? To what extent would increasing the wind Mach
number and the density contrast of the cloud affect the nature of the interaction? No
comparative exploration of shock-cloud and wind-cloud simulations has previously
been published, and some studies in the literature have assumed that the two types
of interaction are broadly interchangeable; thus, the degree to which these types of
interaction are similar/dissimilar remains to be determined and is important in order
that observations of these processes are interpreted correctly.

Finally, does the evolution of a filament in an isothermal or quasi-isothermal
medium differ from that of one in an adiabatic medium? Although previous studies
have used a softened equation of state to mimic the effects of radiative cooling
on shock-cloud interactions, the extent to which an isothermal or near-isothermal
equation of state affects a shock-filament interaction has yet to be understood.

In the following chapters, I attempt to answer these questions and add to the
current understanding of feedback processes and cloud evolution in the interstellar

medium.

1.1 The Interstellar Medium

The Milky Way Galaxy' comprises not only stars but also a tenuous, inhomogenous
medium (the interstellar medium; ISM) spread out across interstellar space. The ISM
manifests itself primarily via the extinction, reddening, and polarisation of starlight.
For example, the detection by Hartmann (1904) of static absorption lines in Ca II in

the spectrum of the spectroscopic binary system o Orionis indicates the presence

Ireferred to with an uppercase G to distinguish it from other galaxies
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of a diffuse cloud of cold interstellar gas along the line of sight, since analogous
absorption lines originating from the binary stars themselves would shift according
to the movement of the stars as they orbited each other. Trumpler (1930) showed
that such clouds do not exist in isolation but are part of a much wider distribution of
interstellar material.

In the following subsections, I will outline the composition of the ISM and the
physical processes occurring within it. I will then review the literature on shock- and

wind-cloud interactions in terms of both observations and numerical simulations.

1.1.1 ISM phases

The ISM (along with the intergalactic medium and circumstellar environments) is
inhomogenous and is comprised of dust along with gas clouds with large density and
temperature distributions embedded in a hotter, low-density, magnetised, turbulent
flow (see e.g. Pittard et al. 2009 for a more detailed discussion). The ISM has
traditionally been described in terms of phases (delineated by the state of hydrogen),
each of which are described below (see also review papers by McKee 1995; Ferriere

2001; and Cox 2005).

1.1.1.1 Atomic clouds

Atomic hydrogen (H 1) is useful observationally because, unlike molecular hydrogen,
itis able to be directly observed via the 21 cm spin transition, allowing the distribution
of H 1 in the Milky Way Galaxy (for example) to be mapped. According to the
thermal model of the ISM, H T exists in two distinct thermally-stable phases: the
cold neutral medium (CNM; T' < 300 K) and warm neutral medium (WNM; peak
temperature 7 ~ 8000 K) (Field et al. 1969; Heiles and Troland 2003; Cox 2005).
The two phases are able to coexist in pressure equilibrium which is regulated by the

radiative cooling and heating balance (Draine 1978; Wolfire et al. 1995, 2003).
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1.1.1.2 Molecular clouds

Observations of molecular gas show that it comprises discrete clouds extending from
giant molecular clouds (GMC; with masses of up to 10® M, and a mean hydrogen
number density of around 100 — 1000 cm ™3, the latter relating to higher-density
regions within the cloud) down to much smaller dense cores (of masses up to ~ 103
M, and a mean density of up to 106 cm—?) (McKee and Ostriker, 2007). GMCs, in
particular, are important since an understanding of their formation and properties
can inform our understanding of star formation. They appear to be discrete systems
with well-defined boundaries, but are inhomogenous with clumps and cores (regions
within which single stars are formed) and are therefore sources of most of the star
formation in the Galaxy. GMCs are dynamic systems that include self-gravity,
magnetic fields, and turbulence, with the role played by gravity allowing them to be
distinguished from other phases of the ISM. Molecular clouds are extremely difficult
to observe since they are cold and dark and thus cannot be observed directly in
visible light. However, high concentrations of dust within denser cores serve to block
light from background stars and allow some GMCs to be observed in silhouette.
Whilst GMCs do emit millimetre wavelength radiation via changes in the rotational
state of the molecules, the spectral lines of the most abundant molecule, Hj, are
extremely weak and therefore difficult to detect by infrared and radio observations,
partly because the amount of energy needed to change the molecule’s rotational state
is dependent upon its mass and, with molecular hydrogen being the lightest molecule,
a significantly large amount of energy would be needed; in a cold cloud, such a
change in state would be unlikely and therefore the majority of H, would remain in
the ground state and therefore undetectable. The primary method for locating GMC:s,
therefore, utilises CO molecules (another abundant species), which can be observed

in both emission and absorption. It is estimated that there is one CO molecule for
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every 10,000 hydrogen molecules, meaning that H; (and, thus, the GMC itself) can
be easily traced.

There are two contrasting views regarding the formation of GMCs (McKee and
Ostriker, 2007). The first suggests that GMCs are formed by large-scale colliding
flows which coagulate to form clouds. Elmegreen (1993) notes, however, that a large
number of generations of collisions are needed in order to generate the observed
power-law mass distribution, something that the short lifetime of such molecular
clouds would seem to prohibit. In the second view, GMCs are formed within spiral
arms, where gas is able to gather along the arm due to the low shear and high densities
present. Consideration of the volume from which the gas in a GMC is accumulated
and the cloud surface density has elicited values comparable to observations. Larson
(1981) summarised the main characteristics of GMCs, often referred to as ‘Larson’s
laws’. The first of these describes the line width—size relation, i.e that GMCs are
generally supersonically turbulent and have line widths of dv that tend to increase as
a power of the size, 8v o< RP, where p = 0.38. Secondly, GMCs are large enough to
be gravitationally bound and satisfy the virial theorem, GM /R ~ 62, where G, M,
R and o refer to the gravitational constant, cloud mass, cloud radius, and internal
velocity dispersion, respectively (Larson 1981; Myers 1987). Larson concluded that
clumps within GMCs were also gravitationally bound. The third ‘law’ is that all
GMCs have the same column density. In addition to Larson’s ‘laws’, McKee (1999)
suggests that a further characteristic of GMC:s is that they appear to have magnetic
fields that are dynamically significant. Given the above, the nature of GMCs and
properties such as their lifetime remain unclear.

In general, molecular clouds exhibit large variations in density (e.g. Blitz and
Stark 1986), with high-density regions (or cores) prone to collapse under gravity,
leading to star formation. Given that stars associated with such clouds tend to be
young and that much older stellar associations lack molecular gas it is suggested that

molecular clouds are, in general, fleeting, temporary structures with a short span
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between the formation of the cloud itself and star formation (Ballesteros-Paredes

and Hartmann 2007; van Loo et al. 2010).

The formation of H; occurs via the recombination of hydrogen atoms mediated by
interstellar dust particles (Hollenbach and Salpeter, 1971). However, such molecules
can only survive in significant quantities inside clouds which are shielded from UV
radiation which might otherwise lead to dissociation and which are cold enough to
limit collisions. H» is not able to be directly observed using radio spectroscopy since
it has no permanent dipole moment and thus all its allowed transitions fall outside
the radio part of the spectrum (Field et al., 1966). However, CO does transition in
the radio domain and can therefore be used to trace molecular gas. Measurements
of the peak specific intensity of CO emission lines show that molecular gas is very
cold, with temperatures in the range 10 — 20 K (Goldsmith, 1987). Other molecular
tracers include HCN, CS, and NHj3, all of which have optically thick, and therefore
bright, emission lines.

Whilst many analytical and numerical studies have investigated the destruction of
clouds (see Section 1.3) van Loo et al. (2010, 2007) and Lim et al. (2005) considered
cold molecular cloud formation via the response of a warm atomic cloud to a pressure
increase (caused by converging flows or weakly-interacting shocks) in the medium

in which it is embedded.

1.1.1.3 Ionised medium

The formation of ionised hydrogen occurs through the emission of strong UV radi-
ation by O and B stars, some of the brightest and hottest stars in the Galaxy. This
radiation is energetic enough to ionise hydrogen atoms; thus, the regions around such
stars are called “H 11" regions (see Fig. 1.1). The boundary between these regions
and the rest of the ISM tends to be sharp since the UV photons are quickly absorbed

by the neutral hydrogen. The ionisation first expands into the neutral medium until
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the rate of ionisations and recombinations within the nebula are equal. In a uniform

medium, this balance is achieved when the H II region is at its Stromgren radius

1/3
Nas ) : (1.1)

ngne

rs = (30pc) (

where ng and n, are the free-proton and free-electron number densities (in cm ) in
the H 11 region, respectively, and Nyg is the number of ionising photons emitted per

unit time by the star.

Transitions between energy levels during recombination lead to the emission of
optical Balmer lines, especially the Hy line which arises from transitions between
the n = 3 and n = 2 energy levels. Hy-emitting gas has been detected in all directions
outside H 11 regions (Roesler et al., 1978), and Hy, mapping has revealed the existence
of structures such as filaments within the gas (Reynolds, 1987; Reynolds et al., 1999).
H,, emissions and other optical emission lines can be used to probe a cylindrical
volume of radius 2-3 kpc around the Sun owing to the effect of extinction arising

from interstellar dust.

The temperature of the bounded H 11 regions and the diffuse, Hy-emitting gas
has been determined as ~ 8000 K; thus, together these two components form the
Warm Ionised Medium (WIM). In addition to this, the presence of hot interstellar
gas has been detected through the use of UV observations. These observations
have identified highly ionised species such as 0>t (0 vI) and N** (N v) which are
excellent tracers of hot collisionally-ionised gas since their high ionisation potentials
make it unlikely that they were produced through photoionisation. The temperature
of this gas has been found to be in the region of ~ 10° K; thus, this gas has been
termed the Hot Ionised Medium (HIM). Formation of the HIM is now generally
accepted as arising from supernova explosions and stellar winds (e.g. McCray and
Snow 1979; Spitzer 1990), the former of which are capable of driving powerful

shockwaves through the ISM.



Introduction

Fig. 1.1 Image of the Rosette Nebula, an area of ionised gas located in a GMC in the
Monoceros constellation, shown as a three-colour image. Taken from Drew et al. (2005).
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1.1.1.4 Dust

In addition to gas in its various states, the ISM also comprises dust, which consists
of tiny particles of solid material. The size of these particles can range from a few
molecules to ‘grains’ of up to 0.1 mm in size. The composition of dust particles
includes silicate minerals but can also include metals and carbonaceous material such
as diamond or graphite. Dust is formed in stars and is transported into the ISM via
stellar winds or supernovae explosions. The importance of dust in the ISM has been
alluded to in previous subsections in terms of its ability to obscure or redden starlight
passing through it, and the subsequent necessity for the use of radio wavelengths
to probe the ISM has been discussed. Previous studies (e.g. Jenkins and Savage
1974; Bohlin 1975) have determined that the distribution of dust is inhomogeneous
throughout the ISM and is coterminous with the inhomogeneities present in the
interstellar gas, i.e. it follows the distribution of gas. Since dust absorbs energy from
stellar photons, is heated, and re-emits energy in the infrared (IR), dust is capable of
being mapped. Such maps show that there are good dust-gas correlations in the ISM
(see Schlegel et al. (1998)). The dust-to-gas ratio has been calculated as ~ 0.01 for
the Galaxy (Draine and Li, 2007), though a variation corresponding to a factor of 3
has been found in this ratio (Burstein, 2003).

The type and distribution of the dust grains can be understood from the presence

of extinction in stellar spectra. The total extinction, A, is given by
Ay =2.5logy (Fy/Fy), (12)

where F) is the observed flux and Ff is the flux expected in the absence of any
extinction. Extinction curves can be used to indicate the particular species of grain
present in each region. For example, a small peak at a UV wavelength of around
217.5 nm is attributed to graphite grains (Gilra 1972; Mathis et al. 1977), whilst IR

bands at 9.7 um and 18 ym may represent silicate grains (Knacke and Thomson
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1973; Draine and Lee 1984). A further identified species are polycyclic aromatic
hydrocarbons (PAHs).

Larger, silicate dust grains can help determine the orientation of the magnetic
field at that particular point in the ISM through their elongated nature, since they
preferentially absorb light along their long axis. Elongated grains tend to align them-
selves such that their long axis lies perpendicular to the magnetic field. Therefore,
starlight passing through dust becomes polarized and the magnetic field orientation
can be inferred (Hoang and Lazarian, 2008).

Dust grains help to alter the chemistry of the ISM. In cold dense clouds they
allow gas particles to accrete on their surface whilst in the warmer medium they
are able to lose their volatile shell to the gas. Dust grains act as catalysts in the
recombination of hydrogen atoms (e.g. Hollenbach and Salpeter 1971) and can also
help shield H, molecules from UV photodissociation (Shull and Beckwith, 1982).
Dust also contributes towards the heating and cooling of the gas through the ejection
of photoelectrons and through collisions with gas particles. The ionising rate is

highly dependent on the size of the dust grains (see references in Ferriere (2001)).

1.1.2 Filamentary structures

Networks of cold, dense filamentary structures are known to be ubiquitous through-
out the universe; Spitzer (e.g. Benjamin et al. 2003; Carey et al. 2009; Churchwell
et al. 2009; Courtois et al. 2015; Katushkina et al. 2018) and Herschel have both re-
vealed the presence of filamentary networks in galactic discs and interstellar clumps,
respectively. Recent observations from Herschel in particular have revealed filaments
in both star-forming and non-star-forming regions of interstellar clouds (e.g. André
et al. 2010; Henning et al. 2010; Men’shchikov et al. 2010; Molinari et al. 2010;
Motte et al. 2010; Schneider et al. 2012; Rayner et al. 2017), and such observa-

tions suggest the central role played by filaments in the process of star-formation
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(Schneider and Elmegreen 1979; Arzoumanian et al. 2011; André et al. 2014; see
also Federrath (2016) for theoretical and numerical studies of such observations).
Filaments have also been observed throughout the Galaxy in e.g. the Taurus molecu-
lar cloud (Panopoulou et al., 2014), the Lupus molecular clouds (Benedettini et al.,
2015), and Orion A (Polychroni et al., 2013). Simulations of molecular clouds show
the formation of filamentary structure in support of observations (e.g. Klessen and
Burkert 2000; Ballesteros-Paredes and Mac Low 2002; Padoan et al. 2006; Federrath
et al. 2010; Hennebelle 2013; Kirk et al. 2015), whilst the lifetime of such features
exposed to stellar feedback processes has been investigated by Rogers and Pittard
(2013).

Filamentary structures are observed in e.g. galactic outflows as Ha- and H
I-emitting filaments (Shopbell and Bland-Hawthorn 1998; Martin et al. 2002; Strick-
land et al. 2004; Veilleux et al. 2005; Heesen et al. 2011; Westmoquette et al. 2011;
Bolatto et al. 2013), as a consequence of the ram-pressure stripping of galaxies in
gravitationally-bound clusters (Conselice et al. 2001; Crawford et al. 2005; Forman
et al. 2007; Canning et al. 2011; Abramson and Kenney 2014; Kenney et al. 2015),
the pillars observed in molecular clouds (Benedettini et al., 2015), young protoclus-
ters (Vig et al., 2007), and supernova remnants (Koo et al. 2007; Dopita et al. 2010;
Vogt and Dopita 2011; Nynka et al. 2015) and span a whole range of scales.

The formation of filaments has yet to be definitively established but is thought
to occur through the compression of gas due to the convergence of flows driven
by e.g. interstellar turbulence or gravitational disc instabilities, or the interaction
of high-velocity shocks or winds with clouds driven by dynamic processes such
as turbulence, gravitational collapse, or magnetism (see e.g. Vazquez-Semadeni
et al. 2007; Banerjee et al. 2009; Peters et al. 2012; Moeckel and Burkert 2015;
Banda-Barragan et al. 2016; Federrath 2016). For example, OB stars in the Cygnus
X region (Cygnus OB2 and Cygnus OBY) interact with nearby molecular clouds via

radiation and winds (Schneider et al., 2006) whilst in the Pipe Nebula, the B59 region,
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which comprises a complex network of filaments, is being shaped by high-velocity
outflows from embedded protostars (Duarte-Cabral et al. 2012; Peretto et al. 2012).

Whilst some filaments may have very short lifetimes before they dissipate or are
destroyed, others are known to collapse under gravity and fragment into star-forming
cores. Recent observational studies have shown that a large number of prestellar
cores are found within dense filaments (André et al. 2010; Arzoumanian et al. 2011;
Roy et al. 2015), with some filaments displaying several cores strung out along their
length (Schisano et al. 2014; Konyves et al. 2015). In addition, young stellar clusters
appear at the intersections of colliding filaments (Myers 2011; Schneider et al. 2012;
Mallick et al. 2013). The presence of young stellar objects embedded within the
filament can lead to the dispersal and destruction of the filament through the action

of shocks, winds, and ionizing radiation (see e.g. Colin et al. 2013).

1.2 Shocks in the ISM

1.2.1 Feedback processes

Stars play a major role in shaping the ISM. Massive O and B stars create wind-blown
shells and cavities, and H 1I regions which expand into the ambient ISM as a result
of ionisation and heating by stellar photons. Winds, H II regions, and supernova
(SN) explosions all sweep up and compress interstellar matter, impart mechanical
energy to the ISM, and help shape it. Stellar winds and SNe tend to act in very
similar ways, though there are more subtle differences in terms of the time-scale over
which they act as well as their energy output. Winds and SNe are sources of direct
mass injection into the ISM; indirect mass injection occurs when dense clumps are
photoevaporated, thermally evaporated, or ablated by the action of ionising radiation,
winds, and shocks. These three feedback mechanisms are mainly responsible for the

multi-phase nature of the ISM and the presence of turbulence within it (e.g. Pittard
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et al. (2009); see also Ferriere (2001) for a brief review of feedback processes in the
ISM).

The formation of new stars can be modified by the presence of such feedback
processes since stellar winds and ionising radiation can disperse the surrounding
parental molecular gas and inhibit star formation. Conversely, new stars may be
formed in the presence of massive stars (Elmegreen and Lada 1977; Koenig et al.
2012). Feedback processes result in the presence of shocks throughout the ISM.

A shock is a pressure-driven compressive disturbance propagating faster than
the local speed of sound (Draine, 2010). In the absence of magnetic fields in the
ISM, information travels at sound speed. Therefore, shocks have speeds greater
than a Mach number of 1 (i.e. they are supersonic). In the presence of a magnetic
field, shocks will travel along the magnetic field lines at the Alfvén speed (see
Subsubection 1.2.3.). Shocks produce an irreversible change in the state of the
fluid (i.e. an increase in entropy); such changes in the fluid properties (density,
temperature, velocity) occur faster than the rate at which the shocked medium can
react, causing discontinuities in the fluid variables. Shocks lead to compression,
heating, and acceleration of the medium. Shocks are driven by energetic processes
such as stellar winds, SNe, cloud-cloud collisions, and expanding H II regions,
for example, and are ubiquitous since the the temperature of much of the ISM is
maintained at a much lower level than that of the feedback processes due to radiative

cooling.

1.2.2 HD shocks

In essence, a shock is a physical discontinuity which conserves mass, energy, and
momentum, with the flux of each of these quantities being equal on each side
of the discontinuity (see Landau and Lifshitz 1987). The balance of these fluxes

is governed by the Rankine-Hugoniot (RH) jump conditions which describe the
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relationship between the state either side of a discontinuity. This balance can be
most easily achieved when the flux across the discontinuity is zero, i.e. when there is
a contact discontinuity (i.e. a surface separating two fluids with different physical
properties), for example. Where there is a flow across the discontinuity, the result is
a shock.

In the frame of the shock, the RH conditions (the ratios of post- to pre-shock

density, pressure, and temperature) for an ideal gas are,

p2_vi_ (r+1)Mp

_(re oMy 1.3
pi - va  (y—1)M}+2 -
2 _
B _2M y—1 (1.4)
P ')/‘|‘1 Y+1
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I [(y+1)M]? ’
where p, P, and T represent density, pressure, and temperature, the subscripts 1 and 2
refer to values of the quantities downstream and upstream of the shock, respectively,
v is the velocity perpendicular to the shock front (in the frame of reference of the
shock), 7 is the heat capacity of the gas, and M| = v /c; is the shock Mach number
in the downstream region.

For an adiabatic shock with y = 5/3, the equations reduce to
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while for an isothermal (y = 1) shock, they reduce to

P2 Vi 2
Z_2 v 1.9
o m is0 2 (1.9)
P
F?:MESO, (1.10)
1
—=1. 1.11
T (1.11)

where Mg, = vi/ciso and cjy, is the isothermal sound speed. Motion (i.e. sound

waves) in a hydrodynamic (HD) fluid is purely longitudinal.

1.2.3 MHD shocks

It was shown above that in a HD medium there are only longitudinal (sound) waves.
However, in a magnetohydrodynamic (MHD) medium the presence of the magnetic
field allows waves to propagate in both longitudinal and transverse directions. In the
presence of a supersonic disturbance these waves are unable to propagate ahead of
the disturbance and (as in the case of sound waves encountering such a disturbance
in a HD medium) the response of the medium to the disturbance is non-smooth and
is termed a shock. In a MHD medium transverse waves (also called Alfvén waves)
propagate through the restoring force provided by tension in the magnetic field lines,

are non-compressive, and have a characteristic velocity
vtrans — VA COSG 5 (1.12)

where 0 is the angle between the magnetic field and the shock normal and v, is the
Alfvén velocity

vp = (1.13)

B
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where B is the strength of the magnetic field, Ly is the magnetic permeability of free
space, and p is the density (Alfvén, 1942). In addition, there are two other waves in
an MHD fluid: fast-mode and slow-mode waves. In the former, the variation of these
waves is in phase and the waves propagate faster than an Alfvén wave. In the latter,
the variation is out of phase and they propagate slower than an Alfvén wave. These
magnetosonic waves have characteristic velocities that relate the Alfvén velocity to

the sound speed, c; (see e.g. Falle and Komissarov 1999)

1

Vi, fust = 5 {(c? #1344/ (2 +13)2 — e} cos? 6} : (1.14)
1

Vms,slow = 5 [(c? +13) /(2 +13)2 = 4ehi} cos? 9} . (L)

The Alfvén wave is often referred to as the ‘intermediate’ wave since its velocity lies
between those of the slow and fast waves. Since the intermediate wave has no impact
on the density or the strength of the magnetic field, its velocity is constant and it is
able to rotate the tangential component of the magnetic field. Thus, the intermediate

wave can be classed instead as a rotational discontinuity.

The RH equations were presented in subsection 1.2.2. The presence of a magnetic
field, however, requires some modification to these equations, though the MHD RH
equations in full are complicated due to the three wave modes. The MHD jump

conditions can be given as a set of conservation equations

[pvx] — 0 s (116)
pv:+ +32 B, 0 (1.17)
Vi ———| =0, .
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{pvxv,—&Bt} :0, (118)
Mo
[(1 N —|—B—2)v —(V-B)%] —0 (1.19)
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By =0, (1.20)
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where p is the pressure, v is the velocity, and the subscripts ¢ and x refer to the trans-
verse component and the normal component, respectively. These equations can then
be rewritten to give the MHD RH equations for perpendicular and oblique shocks.
The above sets of jump conditions give six unknown quantities: p, vy, v¢, p, By, B;.

Thus, if the upstream values are known, the downstream values can be calculated.

Two special cases of fast and slow shocks are of interest: switch-on and switch-
off shocks, respectively. These occur when B; is either created or cancelled out
across a shock (i.e. they either switch on the tangential component of the field or

switch it off).

1.2.4 Radiative shocks

So far I have dealt with non-radiative shocks. However, since the temperature and
density of a fluid is raised by the action of the shock, it is likely that (astrophysically,
at least) the post-shock fluid will be radiative. Indeed, radiative shocks have been
found to occur ubiquitously in, for example, jets, bubbles, and SNRs, and over a wide
range of scales. Assuming that the fluid radiates energy in an optically thin radiative

relaxation layer (RRL) after the shock has travelled downstream, the post-shock
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fluid properties (density, pressure, velocity, and temperature) remain the same as
the properties in the HD shock case immediately behind the shock front. However,
further downstream in the radiative relaxation layer they settle to new values. Within
the RRL the cooling function, A(T), is greater than zero, the temperature drops, and
compression of the fluid leads to increased density. The most important distinction
between a radiative shock and a non-radiative shock is that the former can increase

the density to a much greater extent than the latter.

The radiative cooling time-scale is given by

nkBT

Teool ™~ W(T) ) (1.22)

where 7 1s the number density, kp is the Boltzmann constant, and 7 is the temperature.
The cooling length (the distance over which shocked cloud material cools radiatively)
is given by

Leool = teool Ve (1.23)

where v, is the velocity of the shocked cloud.

In the special case of an isothermal shock, the temperature in the RRL is equal to
the upstream temperature, which can occur when the cooling time is very short. This

leads to some minor modifications of the RH jump relations.

Falle (1975) and McCray et al. (1975) first showed that radiative shocks were
susceptible to cooling instabilities whilst Langer et al. (1981) found such shocks to
be affected by overstability arising from oscillations (see Pittard et al. (2003) and
Pittard et al. (2005a) and references therein). Some radiative shocks perturbed from
steady state are subject to a cooling overstability arising from oscillations (Langer
et al. 1981; Chevalier and Imamura 1982; Imamura et al. 1984). Chevalier and
Imamura (1982) found that stable shocks are produced by positive increasing linear

cooling functions, i.e. when o < 0.8 for the power-law cooling function A = AgT%.
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If there is a rapid increase in cooling with temperature then a perturbation within the
RRL that increases the velocity of the shock will lead to more rapid cooling and thus
shorter cooling lengths, ensuring that the shock is stable. However, if the cooling
function does not increase sufficiently rapidly with temperature the cooling length
then oscillates overstably between slow shocks that have shorter cooling lengths
and fast shocks that have longer cooling lengths (Kimoto and Chernoff, 1997). In
addition, Strickland and Blondin (1995) found that radiative shock stability decreases
with increasing Mach number. Pittard et al. (2005a) investigated the overstability of
low Mach number (M < 5) radiative shocks and found that overstability can occur

for low Mach numbers if « is sufficiently negative.

1.3 Shock-cloud interactions

The ISM is known to be a highly dynamic and non-uniform entity containing regions
of varying temperature and density (see Section 1.1) where the maintenance of
thermal equilibrium is attempted through heating and cooling processes. Studies of
the interaction of hot, high-velocity gas originating from events such as SNe with
cooler, dense clumps of material (often referred to as ‘clouds’) are of great interest
for a complete understanding of the gas dynamics of the ISM, since it is evident that
the evolution and morphology of large-scale flows can be determined or modified
by the far smaller clouds (Elmegreen and Scalo 2004; Mac Low and Klessen 2004;
Scalo and Elmegreen 2004; McKee and Ostriker 2007; Hennebelle and Falgarone
2012; Padoan et al. 2014). Such studies are also important for understanding galaxy
formation (e.g. Sales et al. 2010; Barnes et al. 2014) and the evolution of SNRs and
other diffuse sources (e.g. McKee and Ostriker 1977; Cowie et al. 1981; White and
Long 1991; Dyson et al. 2002; Pittard et al. 2003).

Clouds may either accrete material from, or lose material to, the ambient medium:

clouds that are hit by shocks or winds are likely to be destroyed, with such destruction
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affecting the flow by ‘mass-loading’ it via processes such as hydrodynamic ablation,
whereas clouds may also become compressed and gravitationally collapse after
being struck by a shock and therefore trigger star formation, thus removing material
from the ISM (Elmegreen and Lada 1977; Elmegreen 1998; Federrath et al. 2010;
Federrath and Klessen 2012). In addition, clouds embedded in a hot flow may also
be entrained by the flow and moved over considerable distances. This entrainment
shapes the morphology of the cloud and can ultimately cause the destruction of the
cloud, altering the gas dynamics of the ISM (see Chapter 3 for cases where the cloud
is not destroyed on the usual dynamical time-scales).

Shock-cloud interactions have previously been inferred from observations (e.g.
Baade and Minkowski, 1954; van den Bergh, 1971) while more recent observations
have provided direct evidence, e.g. bow shocks, of shock waves interacting with
clouds (e.g. Levenson et al., 2002; Patnaude et al., 2002). Figure 1.2 shows the inter-
action of a SN blast wave with the inhomogeneous ISM. In addition to observations,
shock-cloud interactions have also been studied experimentally. For instance, the
evolution of a sphere of dense material interacting with a laser-induced shock has
been probed by X-ray radiography (Klein et al. 2000; Klein et al. 2003; Hansen et al.
2007; Rosen et al. 2009; see also Fig. 1.3).

This section introduces the shock-cloud problem and reviews the literature per-
taining to the shock-cloud problem and relevant numerical studies of such interac-

tions.

1.3.1 The shock-cloud problem

The shock-cloud problem, at its most basic level, comprises the idealised scenario
of a HD adiabatic planar shock striking a spherical cloud. The interaction can be
described by three dimensionless parameters: 1) the shock Mach number, M (i.e. the

ratio of the speed of the shock along the shock normal to the speed of sound in the
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Fig. 1.2 Left, Logarithmic H, image of the western edge of the Cygnus Loop, showing a
network of bright, elongated filaments at the centre of the image produced by fully radiative
shocks. Fainter emission to the right of the image is produced by Balmer-dominated shocks
and traces the edge of the blast wave. Taken from Levenson et al. (2002). Right, H,, image
showing the interaction of the shock front with an isolated cloud in the southwest region of
the Cygnus Loop. Taken from Patnaude et al. (2002).

medium upstream of the shock), 2) the cloud density contrast, y

5 = Pmax (1.24)
pamb

where Pmax 1S the maximum density of the cloud and p,np is the density of the

ambient medium, and 3) the ratio of specific heats (‘adiabatic gas index’), ¥

y="2, (1.25)

Cy

where ¢, is the specific heat capacity at constant pressure and ¢, is the specific heat
capacity at constant volume. Klein et al. (1994) and Nakamura et al. (2006) demon-
strated that for M > 1 Mach scaling applies and the interaction can be described

solely by x and 7.
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Fig. 1.3 Shock-sphere shadowgrams taken from an experimental study. Images show the
evolution of a copper sphere from its initial interaction with the laser-induced shock wave

until its eventual destruction. Taken from Klein et al. (2003).
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In MHD models, a fourth parameter is used to describe the interaction: the ratio
of thermal pressure to magnetic pressure (i.e. the ‘plasma beta’),

P

Bo = 8”35’ (1.26)

where Py is the ambient thermal pressure and By is the ambient magnetic field
strength. Additionally, the Alfvénic Mach number,
Vb

My =—, (1.27)
VA

can be used, where vj, is the shock speed. Finally, the orientation of the magnetic
field to the shock normal is considered in MHD models.

In addition to the above, other parameters to be considered for non-spherical
clouds include the aspect ratio of the cloud and the angle of orientation of its major

axis to the shock normal.

1.3.2 Early numerical studies

There is now a large amount of literature, beginning in the 1970s, concerning the
idealised case of a planar adiabatic shock striking an isolated spherical cloud. The
initial focus of the papers had been on shocks propagating within a uniform medium.
However, observations subsequently revealed the ISM to be clumpy in nature, thus
complicating the problem of modelling such interactions.

Analytical studies were conducted by e.g. McKee and Cowie (1975) (who
analysed the properties of the flow), Spitzer (1982) (who investigated reflected
acoustic waves from shock waves interacting with clouds), and Hartquist et al. (1986)
(who explored how a wind evolved when embedded clouds evaporate; i.e. the post-
shock flow becomes ‘mass-loaded’ by the cloud material). The motivation for the

majority of these studies was observational evidence of the interaction of SNRs with
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a shock, e.g. Cassiopeia A and the Cygnus Loop (Baade and Minkowski, 1954;
van den Bergh, 1971), where parts of the SNR were found to be moving at much
lower velocities than the rest of the expanding shell, leading researchers to seek to
determine the processes that occur when a shock overruns a cloud, as well as the
conditions under which the interaction evolves.

Whilst these analytical studies were important in helping to define the nature of
the interactions taking place within the ISM, the complexity of such problems can
only really be described by numerical calculations. Throughout the late 70s until the
early 90s several numerical studies were published. For example, Sgro (1975) ran
2D calculations of the interaction of an adiabatic planar shock with both cold and hot
clouds and investigated the cloud morphology as well as the relationship between
the shock and the cloud. However, their results were deemed to be preliminary since
the flow within the cloud was not able to be fully resolved. Woodward (1976) also
ran 2D calculations of the implosion of a cloud after it has been struck by a shock,
but their simulations stopped before the interaction had been fully evolved. Another
early numerical study by Nittmann et al. (1982) identified four distinct stages in the
interaction of a strong shock with a cloud.

The main limitations of the above studies were the reduced computing power
available and the low resolution of the calculations which prevented the interaction
from being clearly followed. From the 1990s onwards, more complex studies in both

2D and 3D began to be published that sought to overcome these limitations.

1.3.3 Adiabatic HD shock-cloud simulations

Klein et al. (1994) sought to address the many outstanding questions regarding the
morphology and hydrodynamic evolution of a cloud embedded in a shocked medium.
With the increase in available computing power since the 1970s, they were able to

perform a comprehensive 2D axisymmetric numerical study of the problem of a
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shock-cloud interaction and focused on the idealised case of a planar shock wave
hitting a single spherical cloud. They also defined the characteristic time-scale for a
spherical cloud to be crushed by the shock being driven into it (the ‘cloud-crushing

time-scale’),

1/2
X Te (1.28)

fee =
Vb

They determined that small clouds could be destroyed by Kelvin-Helmholtz (KH) and
Rayleigh-Taylor (RT) instabilities in several cloud-crushing times (Chandrasekhar,
1961), thus allowing such instabilities to play a significant part in fragmenting the
cloud. Their paper is significant for numerical studies of shock-cloud interactions.
Firstly, because it provides a benchmark against which other, more realistic, studies
can be compared and secondly, because it simplifies a complex problem into one
determined purely by two dimensionless parameters: M and ). Klein et al. (1994)
then demonstrated that for a highly supersonic flow (i.e. M > 5) M scales out, leaving
the problem to be described almost entirely by x. In addition, they also suggested
that a spatial resolution of at least 100 cells per cloud radius is required in order for
the simulation quantities under consideration to be fully converged and the main
features of the interaction, i.e. the growth of hydrodynamic instabilities, clearly

resolved; this latter requirement has been revisited in later studies.

The first study to present the results of three-dimensional simulations was Stone
and Norman (1992). They revealed that the cloud fragments in all directions, that the
level of fragmentation is resolution-dependent, and that vortex rings which had been

observed in 2D simulations are actually unstable when viewed in three dimensions.

A small number of studies have attempted to apply the findings of single-cloud-
shock/wind interactions to the problem of multiple embedded clouds. Poludnenko
et al. (2002), for example, attempted a detailed analysis of the dynamics of the
interaction of shocks with multiple dense clouds with high Mach numbers. They

found that the thickness of the cloud layer, and the distribution of the clouds within
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it, defines the evolution of the system (i.e. a small separation between the clouds
leads to their merger into a single structure before they are destroyed, whereas a
larger separation could be described instead by the single-cloud regime). Altizas
et al. (2012) and Aluzas et al. (2014) similarly considered multiple clouds. In this
case the interaction was studied using a range of Mach numbers. Whilst Poludnenko
et al. (2002) considered multiple clouds in terms of “layers" and suggested that the
total cloud mass and number density of the clouds were not significant, Aluzas et al.
(2012) and Aluzas et al. (2014) looked at the placing of such clouds and found that
(when magnetic fields were taken into consideration) upstream clouds can shield
clouds further downstream from the full effects of the flow. They also determined
that as the number density of the clouds declines, the clumpy region becomes more
“porous".

In addition to the above adiabatic studies, other papers have considered the
additional effects of turbulence on the interaction. Pittard et al. (2009) included a
k — € turbulence model in their code, in contrast to previous studies that had assumed
the shocked flow was inviscid. They compared their results to those of an inviscid
model and found that with a density contrast ¥ < 100 and a smooth post-shock flow,
cloud destruction occurs on approximately the same time-scale as that of an inviscid
cloud owing to the length of time required for turbulence to be generated. Higher
density contrasts, however, provided a far greater divergence in results. A second
paper, Pittard et al. (2010), considered the impact of varying the Mach number
on the interaction, as well as the conditions leading to the formation of tail-like
structures behind the cloud, and found that higher Mach numbers (M > 2.76) lead to
the post-shock conditions becoming almost independent of the Mach number (i.e.
Mach-scaling is achieved). It was further found that low Mach numbers hold back
the production of tails, and that such tails are produced only for density contrasts
of ¥ > 103. The most recent paper that considered the role of turbulence, Pittard

and Parkin (2016), compared 2D and 3D simulations and found that there is very

26



1.3 Shock-cloud interactions

little difference between the simulations in terms of key global quantities such as the
cloud lifetime. Moreover, they found that kK — € and inviscid simulations show very

good agreement in 3D.

1.3.3.1 Non-spherical clouds

As discussed in Section 1.1.2, observations have shown filamentary structures to be
highly prevalent in areas of star formation. Thus, studies of non-spherical clouds
interacting with shocks are important. However, it is necessary to simulate less
complex scenarios (e.g. adiabatic, and without gravity, radiative cooling, etc.) before
more realistic cases can be addressed. Klein et al. (1994) briefly investigated the
interaction of a shock with a cylindrically-shaped cloud and defined a modified

cloud-crushing time-scale for such interactions,

1/2
foe = (Zaoco) 17 : (1.29)
Vb

where ag and ¢ are the initial radii of the cloud in the radial and axial directions,
respectively. Klein et al. (1994) was the first numerical study to investigate how
the nature of the interaction changes when the aspect ratio of the cloud (3:1 in their
study) is changed. Their 2D axisymmetric cloud was set so that it was hit from
one end by the propagating shock, and the orientation and length of the ‘filament’
were unaltered. They determined that there was reasonable agreement between
the spherical case and simulations using a non-spherical cloud and their modified
cloud-crushing time-scale, and stated that modest changes to the shape of the cloud

would not affect their overall conclusions.

The first 3D non-spherical shock-cloud study was conducted by Xu and Stone
(1995) for a prolate cloud of aspect ratio 2:1. In that study, the cloud was able to be

orientated at different angles and directions relative to the shock front. They defined
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Fig. 1.4 Volumetric renderings of the log of the density of a spherical (left), aligned prolate
(middle), and inclined prolate (right) cloud at different times (scaled by the modified cloud-
crushing timescale, 7., - see Eq. 1.30). Taken from Xu and Stone (1995).
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a modified cloud-crushing time for prolate clouds,

/2
fos = ”"V‘b , (1.30)

where ry is the radius of a sphere of equivalent mass. They found that by modifying
the cross-section of the cloud its evolution could be significantly altered depending
on the cloud geometry. In particular, the mixing rate of their prolate cloud was found
to be much faster than that of a spherical cloud of the same mass because of the
greater surface-to-volume ratio. They also found that, whilst the formation of a
vortex ring is a feature of interactions with spherical clouds, a prolate cloud aligned
perpendicularly to the shock normal does not form a vortex ring since the interaction
of the shock is more complex. Additionally, the prolate cloud is accelerated to a near-
constant velocity far more quickly than the spherical cloud. In contrast, the evolution
of an inclined prolate cloud is substantially different to that of the aligned cloud: in
this case the cloud’s inclination causes it to be spun around, drastically altering the
development of hydrodynamical instabilities. Figure 1.4 shows the difference in the

evolution between a spherical cloud and aligned and inclined prolate clouds.

Pittard and Goldsmith (2016) investigated 3D shock-filament interactions where
the filament’s aspect ratio, density contrast, and its angle of orientation to the
shock front were varied. They found that varying the filament length and angle of
orientation significantly changes the nature of the interaction; for example, slightly
oblique filaments tend to spill the high vorticity flow around the upstream end of the
filament, allowing a long wake to form behind the filament, whilst highly oblique
filaments have a dominant vortex ring at the upstream end, aiding their subsequent
fragmentation. Filaments presented sideways-on to the shock front are accelerated

more quickly and initially lose mass more quickly than spherical clouds.

Of the few other studies covering non-spherical clouds, Patnaude and Fesen

(2005) considered cloud models with some substructure within them, whilst Mellema
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et al. (2002) studied spherical and elliptical cloud geometries and found that the initial
geometry of the cloud can significantly alter the cloud evolution. Cooper et al. (2009)
investigated wind-cloud interactions involving three-dimensional non-axisymmetric

clouds and found that these could eventually form filaments.

1.3.4 MHD shock-cloud simulations

The presence of magnetic fields can strongly change the nature of the interaction.
Prior to Mac Low et al. (1994), it was already known that in many places in the ISM
the magnetic pressure could equal or exceed the thermal pressure of the gas and
suppress instabilities, thus tempering cloud fragmentation. Mac Low et al. (1994)
ran 2D axisymmetric simulations and showed that if a magnetic field is present then
the formation of KH and Richtmyer-Meshkov (RM) instabilities are impeded and
the mixing of the cloud with the flow is reduced. Thus, the presence of a magnetic
field can prevent the complete destruction of the cloud, allowing it to survive as a
coherent structure, as opposed to mixing completely with the ambient flow (as in the
field-free case). A parallel field (the orientation of the magnetic field is given with
respect to the direction of shock propagation, i.e. the shock front normal) allows
a ‘flux rope’ to form behind the cloud, since the field is preferentially amplified
at that point due to shock-focussing. Thus, in a magnetised medium, shock-cloud
interactions are capable of creating linear structures.

Fragile et al. (2005) conducted 2D simulations and found that magnetic fields con-
centrated near the cloud surface suppress the growth of destructive HD instabilities.
Moreover, external fields compress the cloud by confining it between the stretched
field lines. These processes dramatically affect the radiative cooling efficiency, in-
creasing it with increasing field strength, as well as the size of the condensed cooled
cloud fragments. Orlando et al. (2008) investigated the effects of thermal conduction,

with a focus on magnetised clouds. They found that when the field was parallel, the
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rate of reduction of thermal conduction is at a minimum, thereby prolonging the
lifetime of the cloud; conversely, when the field is perpendicular to the cylindrical
cloud instabilities are able to be efficiently suppressed by thermal conduction, thus

reducing the rate at which the cloud mixes with the surrounding flow.

The combination of magnetic fields and radiative cooling was explored in van
Loo et al. (2007), where fast mode, followed by slow mode, shocks propagated into
the cloud. As the shock interacts with the front of the cloud, it provides conditions
sufficient for the formation of massive, gravitationally-bound clumps which may be

precursors to star-formation.

Shin et al. (2008) found that at low cloud-crushing times the structure of the
shocked cloud was largely insensitive to either field orientation or strength - the
evolution is driven purely by the mechanical energy of the shock. However, at late
times magnetic fields do affect the evolution of the cloud. Strong fields lead to
different cloud morphologies depending upon the field geometry, but even weak
fields have a substantial effect in terms of turbulent stripping and fragmentation when
compared to the non-magnetised cases. In a strong parallel field, the cloud takes on
a disc-like appearance, whilst in a perpendicularly or obliquely aligned shock, the
cloud takes on a sheet-like appearance at late times and becomes orientated parallel
to the post-shock field (see Figure 1.5, which shows the difference in cloud structure

between a strong parallel or perpendicular magnetic field).

van Loo et al. (2010) explored the interaction of a weak, radiative shock with
a magnetised cloud in order to better understand the formation of a magnetically
dominated molecular cloud. They investigated the effect of different orientations of
the magnetic field and determined that obliquely-oriented fields can be sub-divided
into quasi-perpendicular (i.e. angled at 45°) and quasi-parallel (i.e. angled at 15°)
fields. The former produce low-density clouds resembling H 1 clouds whilst the latter

generate high-density clumps.
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Fig. 1.5 Volumetric renderings of the cloud density for a parallel magnetic field (top) and
isosurface and horizontal slice at y = 0 of the cloud density for a perpendicular magnetic
field (bottom) in a strong field at different times (measured in units of the cloud-crushing
timescale, 7. - see Eq. 3.10). Taken from Shin et al. (2008).

In addition, Li et al. (2013) showed that a perpendicular field can better deflect
the flow around the cloud and reduce mixing, whereas a parallel field allows the
cloud to be permeated by the flow, thus enhancing mixing. This effect was also
noted in the paper on wind-cloud interactions by Banda-Barragén et al. (2016), who
found that cloud models where the magnetic field component is transverse to the
wind direction have lower mixing fractions and velocity component dispersions than
models where the field component is aligned with the flow.

More recent work has considered the optimum field strength needed to produce
cloud fragments which can survive the destructive processes and has found that
intermediate-strength fields are most effective, since strong fields prevent compres-
sion and weak fields do not insulate the cloud from cooling (Johansson and Ziegler,

2013).

The magnetic field cases detailed so far have assumed a field with uniform
geometry extending throughout the ambient medium and the cloud. It is worth

noting that Li et al. (2013) attempted to simulate more realistic magnetic fields and
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looked at complex field topologies (i.e. tangled fields) embedded within the cloud

and how these might alter the evolution of the shocked cloud.

1.3.5 Radiative/isothermal simulations

A number of studies have included the effects of radiative cooling in their calculations.
Mellema et al. (2002) showed that rapid cooling leads to the break up of the cloud
into a number of fragments which are able to survive for a long time. Fragile et al.
(2004) showed that for moderate cloud densities and for shock Mach numbers < 20,
cooling processes can be highly efficient, allowing more than 50% of the initial cloud
mass to cool to below 100 K. Orlando et al. (2005) considered both radiative cooling
and thermal conduction and found that whilst the latter leads to the evaporation of
clouds and the suppression of HD instabilities, the former amplifies such instabilities
and allows the cloud to cool and fragment. Radiative cooling tends to dominate when
there is a low shock Mach number, whilst for high Mach numbers the evolution is
dominated by thermal conduction. Melioli et al. (2005) performed 3D radiative HD
simulations using up to three spherical clouds and found that such interactions cause
the formation of elongated filaments. They also noted that mass-loading of the flow

is less efficient as a result.

Whilst a full radiative cooling model would provide more realistic results ap-
plicable to observations, such models can be computationally expensive (see Yirak
et al. (2010), who demonstrated that whilst a resolution of 100 cells per cloud ra-
dius allowed the evolution of the cloud to be well captured, the removal of thermal
energy through radiative cooling meant that a resolution of between 100-200 cells
per cloud needed to be adopted). Instead, softening the equation of state so that it
is isothermal (Y = 1) or quasi-isothermal can mimic the effects of cooling in the
ISM. Several studies have explored the effect of an isothermal equation of state on

the interaction between a shock or wind and a cloud. Klein et al. (1994) briefly
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explored a 2D shock-cloud interaction using Y = 1.1 for the cloud only and found
that a softened equation of state leads to greater compression in the cloud, with
the cross-section of the radiative cloud much smaller than that of a non-radiative
cloud. Moreover, the cloud drag is smaller than when an adiabatic equation of state
is used. In addition, they found that isothermal clouds survive for longer due to the
higher density of the shocked cloud. An investigation of similarity solutions for
cloud collapse (Kawachi and Hanawa, 1998) using values for the equation of state
in the range 0.9 < 7 < 1 found that the collapse of a cylindrical cloud asymptotes
toward ¥ = 1 when approached from below this value. Li et al. (2003) explored
self-gravitating turbulent clouds over a range of values for ¥ and found that the ability
of interstellar gas clouds to fragment under the action of self-gravity decreased in the
range 0.2 < y < 1.4. Larson (2005), in a review paper, noted that the above result
had particular importance for filamentary clouds, and that a value of Y = 1 denotes
a critical value for filament collapse. Nakamura et al. (2006), in their 3D study in
which they compared adiabatic and isothermal interactions, used ¥ = 1.1 for both
the cloud and the intercloud gas. Their results supported those of Klein et al. (1994)
and underlined the fact that the cloud experiences much milder destruction by HD
instabilities. Finally, Banda-Barragén et al. (2016) briefly explored the effect of a
quasi-isothermal equation of state (Y = 1.1) on a MHD wind-cloud interaction and
noted that an isothermal filament survives for longer than an adiabatic one. Other
studies to have utilised an isothermal equation of state for the cloud include Raga

et al. (2005) and Pittard et al. (2005b).

A summary of relevant shock-cloud studies in the literature can be found in

Table 1.1, whilst a similar summary of wind-cloud studies can be found in Table 1.2.
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Table 1.1 A summary of the main numerical simulations of shock-cloud interactions dis-
cussed in Section 1.3.

Authors Interaction ~ Geometry Typical X M RC TC MF

type (max)

resolution

SN92? SC 3D XYZ 60 (60) 10 10
KMC94®  SC 2DRZ 120 (240)  3-4x10%> 10,102,103
M(C94¢ SC 2D RZ, XY 50 (240) 10 10, 10? v
XS95¢ SC 3D XYZ 25 (53) 10 10
MKRO02¢ SC 2D RZ, XY 200 (200) 103 10 v
PFBO2! SCM 2D XY 32 (32) 5% 102 10
F048 SC,SCM 2D XY 200 103 5-40 v
PFO5" SC 2D XY 450 (500)  3,6,8, 10 10, 20
005! SC 2DRZ,3D XYZ 132(132) 10 30, 50 v v
NOG SC 2DRZ,3D XYZ 120(960) 10, 102 1.5-10°
V07X SC 2DRZ 640 45 1.5,25,5 v v
008! SC 2.5D XYZ 132(528) 10 50 v v v
SSS08™  SC 3D XYZ 68 (68) 10 10 v
PO9" SC 2DRZ 64 (256) 10, 102, 10° 10
P10° SC 2DRZ 128 (128)  10,10%,10° 1.5-40
V10P SC 3D XYZ 120 (480) 45 2.5 v v
Al24 SCM 2D XY 8 (32) 102, 103 1.5,2,3,10
LFB13*  SC 3D XYZ 54 10? 10 v v
JZ138 SC 3D XYZ 100 10? 30 v v v
Al4t SCM 2D XY 32 (128) 10? 3 v
PP16 " SC 3D XYZ 64 (128) 10, 10° 1.5,10
PG16Y SF 3D XYZ 32 (32) 10, 102,10 1.5,3,10
Chapter 3 SF 3D XYZ 32 10,102, 10> 1.5,3,10 v
Chapter4 SC, WC 2DRZ 128 10 10
Chapter 5 SC, WC 2D RZ 128 103 10
Chapter 6 SF 3D XYZ 32 10,102,103 1.5,3,10 v

Notes. The interaction types are given as SC = shock-cloud, SCM = shock-multiple clouds, SF = shock-filament,
and WC = wind-cloud. The headings in columns 7-9 are: RC = radiative cooling, TC = thermal conduction, and MF
= magnetic fields.

The references are as follows: 2Stone & Norman (1992), PKlein, McKee & Colella (1994), “Mac Low et al. (1994),
dXu & Stone (1995), *Mellema, Kurk & Rottgering (2002), fPoludnenko, Frank & Blackman (2002), EFragile,
Murray & Anninos (2004), "Patnaude & Fesen (2005), {Orlando et al. (2005), INakamura et al. (2006), “van Loo et
al. (2007), 'Orlando et al. (2008), ™Shin, Stone & Snyder (2008), "Pittard et al. (2009), °Pittard et al. (2010), Pvan
Loo, Falle & Hartquist (2010), 9Aluzas et al. (2012), "Li, Frank & Blackman (2013), $Johannson & Ziegler (2013),
'Aluzas et al. (2014), "Pittard & Parkin (2016), YPittard & Goldsmith (2016).

* Chapter 6 uses a softened equation of state rather than a full radiative cooling model.
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1.4 Wind-cloud interactions

Wind-cloud interactions have generally been considered to be a particular case of the
shock-cloud problem where the cloud interacts with the post-shock flow rather than
the shock itself; thus, many studies have assumed both processes to be similar in
nature (see Chapter 5 for scenarios when this assumption does not hold). These inter-
actions occur between a stationary cloud and a hot, high-velocity wind or, conversely,
between a static ambient medium and a moving cloud (‘bullet’). Observational
studies have provided evidence of the interaction of hot flows or winds with molecu-
lar clouds (e.g. Koo et al., 2001; Westmoquette et al., 2010). High-velocity winds
and shocks in regions of star formation are capable of strongly affecting molecular
clouds. For example, the B59 filament in the Pipe nebula is thought to be undergoing
distortion by a wind (Peretto et al., 2012) and molecular cloud complexes in the
Cygnus X region are being shaped by winds and radiation (Schneider et al., 2006),
whilst winds lead to the disruption, fragmentation or dispersion of clouds such as the
Rosette molecular cloud (Bruhweiler et al. 2010; see also Rogers and Pittard (2013)
and Wareing et al. (2017) for relevant numerical studies). Another effect of the
interaction of a flow with a dense cloud is the entrainment of the cloud into the flow
and acceleration of cloud material towards the flow’s velocity. Several studies have
revealed large outflow velocities from rapidly star-forming galaxies (e.g. Heckman
et al. 2000; Pettini et al. 2001; Rupke et al. 2002; Martin 2005; Martin et al. 2012)
and clouds have been typically observed at distances of a few kpc from the driving
region (e.g. Soto and Martin 2012). However, it has proved less easy to reconcile
observations that clouds can travel distances on the order of 100 kpc (e.g. Turner
et al. 2014) without being destroyed by flows of such high velocity; Scannapieco and
Briiggen (2015) determined that in order to achieve these velocities clouds would

need to be the size of entire galaxies.
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Similar to the parameters used to define the shock-cloud problem, the wind-cloud

problem can be defined by the Mach number of the post-shock flow or wind,

Vps /wind

Mps/wind: (1.31)

)
Cps/wind

where v, /wing 18 the velocity of the post-shock flow or wind and ¢ /ying is the

adiabatic sound speed of the post-shock flow or wind and is given by

P .

ps/wind

Cps/wind = [V (1.32)
ps/wind Ypps/wind

with Py /wing and P, /wing denoting the pressure and density of the post-shock flow

or wind, respectively. This is in addition to the usual parameters of ¥, etc.

1.4.1 Wind-cloud simulations

In addition to the large body of literature concerning shock-cloud interactions, many
computational studies over the last two decades have considered the particular case
of a hot, tenuous wind interacting with a cool, dense cloud (for example, Klein
et al. (1994) briefly addressed the simple case of the 2D adiabatic interaction of
a spherical cloud with a wind where the the initial shock has been removed - i.e.
a cloud embedded within a post-shock flow). These studies have tended to focus
on scenarios involving radiative cooling (see e.g. Schiano et al. 1995; Poludnenko
et al. 2004; Raga et al. 2007, 2005; Cooper et al. 2009; Scannapieco and Briiggen
2015; Briiggen and Scannapieco 2016) or magnetic fields (e.g. Jones et al. 1996;
Miniati et al. 1999; Gregori et al. 1999, 2000; McCourt et al. 2015; Banda-Barragén
et al. 2016; Banda-Barragén et al. 2018). Other wind-cloud numerical studies have
included self-gravity (Murray et al. 1993) and thermal conduction (Marcolini et al.
2005; Vieser and Hensler 2007; Briiggen and Scannapieco 2016), whilst Pittard et al.

(2005b) considered the interaction of a wind with multiple clouds.
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Table 1.2 A summary of the main numerical simulations of wind-cloud interactions discussed

in Section 1.4.1.

Authors Interaction  Geometry  Typical X M,ind RC TC MF
type (max)
resolution
M932 WC 2D XY 25 5x 102, 10° 0.25-1
Jo4b WC 2D XY 43 30, 102 3,10
S95¢ WC 2DRZ 128 (270)  10-2x10° 10 v
Joed wWC 2D XY 50 (100) 10, 40, 107 10 v
M99¢ WC 2D XY 26 10, 10% 1.5, 10 v
G99f WC 3DXYZ 26 102 1.5 v
G008 wWC 3DXYZ 26 102 1.5 v
PO4h WC 2D RZ 128 102 10-2x102 v
RS WC 3DXYZ 25 50 2.6 v
P05 WC, WCM 2D XY 32 350 1,20
MOsk wWC 2D RZ 75, 150 10%, 5 x 10? 2.98, 6.66 v
RO7! WC 3DXYZ 76 10 242 v
VHO7™ WC 2DRZ 28 -33 5900 - 61000 0.3 v
co9™ WC,WFC 3DXYZ 6-38 630, 910, 1260 4.6 v
K11° WC 2D RZ 64 10° 0.6-2
M15P WC 3DXYZ 32 50 1.5 v
SB15¢  WC 3DXYZ  32-128 3x10%-10* 05-11.4 v
BS16"  WC 3DXYZ  32-96 3x10%-10* 099-114 v v
B16° WC 3D XYZ 128 103 4,49 v
B18t WFC 3DXYZ 128 103 4 v

Notes. The interaction types are given as WC = wind-cloud, WCM = wind-multiple clouds, and WFC = wind-fractal
cloud. The headings in columns 7-9 are: RC = radiative cooling, TC = thermal conduction, and MF = magnetic

fields.

The references are as follows: *Murray et al. (1993), bJones et al. (1994), °Schiano et al. (1995), 9Jones et al.
(1996), *Miniati et al. (1999), fGregori et al. (1999), EGregori et al. (2000), hPoludnenko et al. (2004), iRaga et al.
(2005), IPittard et al. (2005), XMarcolini et al. (2005), 'Raga et al. (2007), ™Vieser & Hensler (2007), "Cooper et al.
(2009), °Kwak et al. (2011), PMcCourt et al. (2015), 9Scannapieco & Briiggen (2015), "Briiggen & Scannapieco

(2016), *Banda-Barragén et al. (2016), '‘Banda-Barragan et al. (2018).

* Banda-Barragén et al. (2016) also use a softened equation of state in addition to their adiabatic simulations.
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1.4.2 Other related numerical studies

Related studies not discussed in this chapter include shell-cloud (e.g. Pittard, 2011),
jet-cloud (e.g. Fragile et al., 2017), and cloud-cloud (e.g. Duarte-Cabral et al., 2011)
interactions, as well as ram-pressure stripping of the ISM from galaxies (e.g. Close

et al., 2013).

1.5 Overview of this thesis

This work covers both HD and MHD simulations and spherical/non-spherical clouds;
thus, there is inevitably a large and complex parameter space to be investigated,
including, for example, the orientation of the filament, the orientation of the magnetic
field lines, and Mach number of the shock/wind, etc. My work is, by nature,
simplified. However, I believe that it lays much-needed groundwork for future
simulations of more complicated scenarios.

The remainder of the thesis is organised as follows: in Chapter 2, I introduce
the numerical methods and code that will be used in this thesis. In Chapter 3, I
present the results of 3D MHD simulations of shock-filament interactions. Chapter 4
provides a comparison of 2D shock-cloud and wind-cloud interactions at varying
wind Mach numbers and at low cloud density contrasts. Chapter 5 continues the
simulations presented in the previous chapter and extends the investigation into
higher cloud density contrasts. Chapter 6 expands the work in Chapter 3 to include
3D HD shock-filament interactions using a softened equation of state to mimic the
effects of radiative cooling. Finally, Chapter 7 provides a summary of the conclusions

drawn in this thesis and addresses the motivation for future work.
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Chapter 2

Numerical Methods

This chapter presents the basic equations and structure of HD and ideal MHD codes.
Since the numerical code MG was used to perform the calculations presented in this

work, I focus on the implementation of these components within MG.

2.1 Basic equations

In order to solve a mathematical problem, various mathematical techniques can be
employed to provide an analytical solution. However, this type of solution tends to
work only for simple models. Numerical methods are used to provide approximate
solutions to differential equations which cannot otherwise be solved analytically. In
the HD case the equations being solved are the Euler equations of inviscid flow or
the Navier-Stokes equations for a viscous flow. I will deal only with the Eulerian
equations in this work and thus assume there to be zero thermal conductivity and
viscosity. The full set of equations in Cartesian coordinates consist of the continuity
equation,
dp

E#—V-(pu):O, (2.1)
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the momentum equations for each component of momentum,

dpu oP
7+V-(puu)+a—0, (2.2)
dpv oP
dpw oP
the energy equation,
JE

and an equation to obtain an advected scalar, k, in order to distinguish different

regions within the solution,

%—I—V-(pxu):O. (2.6)

K has no physical meaning and does not affect the other fluid variables. In the above
equations, P denotes the thermal pressure, u is the velocity vector with components
u, v, w in the x, y, z directions, respectively, and p represents the mass density. The
total (thermal + kinetic) energy density, E, is given by the following equation of
state,

P 1

_ L)
E = y_1+2pu : (2.7)

where 7y represents the adiabatic index, or heat capacity, of the gas (I assume a value
of Y =15/3 for an ideal monoatomic gas throughout this thesis, apart from Chapter 6

where [ use ¥y = 1.01 for an isothermal filament).

In this thesis, I ignore the effects of gravity in all my calculations. This is because

my calculations are intentionally scale-free (thereby enabling them to be scaled to
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any physical size or timescale) and simple, whereas the inclusion of gravity would
add a physical scale and complexity to the simulations. In any case, not all clouds or

filaments may be gravitationally bound.

A sub-grid turbulence model (the k-€ model, which is commonly used in fluid
dynamics to model the mean flow in fully developed, high Reynolds number turbu-
lence - see Dash and Wolf (1983) for a description of this model and Falle (1994) for
details of its implementation in MG. Here, two additional fluid variables are used
to represent the turbulent motion of the flow: k represents the turbulence kinetic
energy and € represents the rate of dissipation of turbulence energy) can also be
supplemented into the above set of equations in order to model turbulent viscosity
in the flow (see Pittard et al. (2009) for the full set of equations, including the k-€
model, in cylindrical coordinates). The sub-grid turbulence model is not discussed
in detail here since it has not been specifically used in any of the successive chapters.
However, the term “inviscid” is used when discussing simulations performed without
the k-€ model in other works that have featured this model; various chapters will

make reference to some of these works.

2.2 Finite volume method

In order to numerically solve the Euler equations, an approximate solution (achieved
via a numerical method) is needed. Firstly, the differential equations must be
discretised. One method used to perform such discretisation is the finite-volume
method. The domain over which the calculations are to be performed is subdivided
into finite volumes, or cells, which have single values for each of the conserved
quantities (e.g. density, momentum, energy, advected scalar) before the equations

are integrated over each particular cell volume. For example, the integration over
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2.2 Finite volume method

Equation 2.1 is given by,

/// d”/// V- (pu)dv =0. (2.8)

Using the divergence theorem, this can be re-written as,

apv+fp zag—tV+F(p) 0, (2.9)
where A is the area bounding the cell. The above equation states that the rate of
change of mass contained in a volume V during time interval df is equal to the net
mass flux through the surface F(p) bounding that volume. Thus, whilst mass is able
to move from one volume to another, the overall mass is conserved (certain boundary
conditions, however, may mean that the equation is not conservative at the edges of
the domain; for example, in cases where mass is allowed to flow into or out of the

system).

Secondly, the equations must also be discretised in time. This allows the solution
to be advanced from one point in time (#,) to another (#,,.1) so that the mass in a
particular cell can be calculated at the next time step using the current state of the
cell. The change from one discrete time to another over a given time step is found by

integrating the flux over the time step,

In+1

(ol = pl)V + | Fy(p)dr =0, (2.10)

where n is the time step index and F; . is the sum of the fluxes across the six surfaces

bounding the cubic cell indexed by the spatial coordinates i jk.

For the sake of simplicity, I consider a one-dimensional flow. Assuming that the
velocity is constant across the face of a particular cell, the total flux in the x direction

is the difference between the fluxes of both the left and right faces of a cubic cell of
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length A,
Fi(p) =F12(p) = Fir12(P), (2.11)

where

Fipipp = (pu)isy po- (2.12)

In order for the equation to be fully discretised, F' needs to be approximated by its

average value, F,

/thFi(p)dt — AtFi(p). 2.13)
In

Thus, by combining Equations 2.9, 2.11, and 2.13, the mass advection step in the x

direction is given by,

n+1

Pl =Pl +MF 1 i (P) = AtFi1p i (P), (2.14)

where the index i has been replaced by ijk in order to denote the three-dimensional

index of the cubic domain. Similarly, the advection of both momentum and energy

is given by,

(P”)?ﬁl = (pu)jj +AtE_y i (pu) — AtFipy o i (pu), (2.15)
and

EZZLI =Ely +MF_yp jk (E+P)—AtF )y 3 (E+P). (2.16)

The final step involves calculating the average fluxes, F', by solving the Riemann
problem across each cell boundary (the Godunov scheme, Godunov, 1959). This

procedure will be discussed in the following section.
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2.3 The Riemann problem

2.3 The Riemann problem

The Riemann problem concerns two distinct states, each with constant density,
velocity, and pressure, and delineates what happens once the boundary between them
is removed and the flow allowed to evolve. A vector, W, is used to represent the set

of primitive values,

W= |ul, (2.17)

and the initial values of the Riemann problem are given by,

W, ifx<0
W (x,0) = (2.18)

Wg ifx>0.

Solving the Riemann problem allows the fluxes for each variable between the two
states to be calculated and the cell values updated using Equations 2.14, 2.15, and

2.16.!

The Riemann problem solution has three waves. These waves split the flow into
four regions, Wy, W,r, W,g, and Wg, where the subscripts L and R denote the left and
right states, respectively (see Fig. 2.1). The inner two of these four regions, separated
by a contact discontinuity, are maintained at the same pressure and velocity, i.e.
P.; = P.g = p« and u,y = u,g = u,. Thus, we are left with four unknown quantities

(P, U, PsL, and pyg). The pressure, p., is found by solving the following equation,

F(ps; Wi, WR) = f1/r(Pxs WL) + fr/r(Ps, WR) +ug —ur, = 0 (2.19)

I'This is valid only as long as the waves originating from one boundary do not interact with those
from another. To avoid this, the Courant-Friedrichs-Lewy condition is employed and is given by
At <C %, where C is the Courant number and varies depending on the nature of the problem. MG uses
a conservative value of the Courant number, C = 0.4, in order to completely avoid wave interactions
and, thus, provide greater numerical stability.
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» X

Fig. 2.1 Space-time diagram indicating the solution to the Riemann problem. Here, a contact
discontinuity is represented by a blue dashed line, while the red and green lines to either side
of this denote the waves.

(Toro, 2009), where

5 1/2 _
(P« =p) [((Hl)pﬁ(y—l)p)p} if p, > p (shock),
Jr/r(psy W) = 1
% 7;)—1) (%) 1 if p, < p (rarefaction).

(2.20)
The case that has left and right waves as rarefactions is linear and solvable directly.
In the case of a shock, however, the equation must be solved by an iterative method,

i.e.,
f(psi, Wr, Wg)
f/(P*i, WL; WR) .

Pxi+1 = Pxi — 2.21)

The initial guess is provided by a linear solver, similar to the two shock approximation

given in Toro (2009),

(
Po = max(pfl()()ra pTS)

8L(P)pL+gr(P)Pr—(ur—uL) (2.22)
sL(p)+gr(p) ’

Prs =

1/2
_ 2
8K (p) = ([(Y+1)p+(y—1)pz<]p1<)
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where p 100, 18 @ small positive value used to maintain the positivity of the pressure
and p is an initial guess. MG uses the variables py and pg as guesses in g7 and gg,

respectively. The above equation can be reduced to

0= PRARPL + PLALPR — PRPLARAL(UR — UL)

, (2.23)
PrAR + prar,

where a is the adiabatic sound speed and is given by a = \/yp/p. The determination
of p. to the desired accuracy requires many arbitrary iterations and is computationally
slow. In order to mitigate against this slowness, MG iterates until the difference
between p,; 1 and p,; is less than 0.01%. Thus, unless the value of p, given by the
linear solver differs by more than 10% from either py or pg, po is taken to be the
final result and the iterative method is not used. This initial guess can also be used in

Equation 2.20 to delineate whether the wave is a shock or a rarefaction

When the pressure of the intermediate region is known, the wave velocity, u.,

can be calculated as follows,

1 1
Uy = E(ML—FMR) + E[fR/L(p*’ Wg) —fR/L(p*, Wo)l. (2.24)

The density either side of the contact discontinuity (e.g. regions W,z and W,g) can
now be found, depending on the type of wave. In the case of a shock, the RH
conditions can be used. Combining the three RH conditions for mass, momentum,

and energy gives,
pe 4 vl
PK + r+1

=1 p«
7+1PK+1

Psk = Pk ; (2.25)

where K represents either the left or right waves (L or R, respectively). In the case of

a rarefaction wave, and assuming isentropic expansion,

Puk = P (”—) . (2.26)
PK
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The boundary of the cell (at x = 0) can be placed in one of the four regions if the
speed of each wave is calculated. A positive wave speed places it to the right of the
boundary, whilst a negative wave speed places it to the left. For a rarefaction, there

are two wave speeds: one for the head and one for the tail.

The wave speeds for all possible waves are given by,

Sca = U, (2.27)

1/2
Y+1pe v— 11
Sshock,k = Uk Fa { —+ : (2.28)
hock,K K T ak 7 px 2y
Srf,head k = UK T aK , (2.29)
SrfJail,K = UxK F axK , (2.30)

where the subscripts cd, shock, rf, head, and tail refer to the contact discontinuity,
a shock, a rarefaction wave, and the head and tail of the rarefaction, respectively.
Here, T takes the upper sign for a left wave and the lower sign for a right wave. If
the signs of S, ¢ peaq,x and S, 14i1, x are in opposition, the interface falls within the

rarefaction fan. The values within the fan are not uniform and are given by,

( 2

2 —1 y-1
Prrk(x,1) = pg [mi(}lw(w{—f)] 5
Work(60) = { k() = 32 [%luKiaKﬂ—‘} , 2.31)

_ 2 y-1 7
\prf,K(xvt)_pK [mim(lﬂ(—%)} )

where =+ takes the upper sign for a left wave and the lower sign for a right wave.
W, s k 1s constant over time at the cell boundary (x = 0) and therefore the flux across

the boundary is also constant. If the region where the cell boundary lies is known,
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the average flux can then be calculated. The total flux is the sum of the flux across
each of the six cell faces. Once the total flux has been calculated, the fluid variables

are then updated with the contributions from Equations 2.14, 2.15, and 2.16.

2.3.1 Second order accuracy

The above subsections describe the Godunov method, which is first-order in time and
space. First-order methods such as this tend to be diffusive, and in order to counteract
this, MG uses methods that are second-order accurate in space and time in order to
speed up the calculations. The above first-order method for spatial reconstruction
uses the piecewise constant method under the assumption that the fluid variables are
constant within the cells. Second-order accuracy is obtained under the assumption
that the variables vary linearly within the cells. However, such accuracy requires the
gradients within each cell to be known. Here, the average value across the entire
cell is the stored value. MG achieves second-order accuracy via the piecewise linear
method which interpolates between cell values. Determination of the slope can
take a variety of forms. However, MG uses the steepest slope whilst simultaneously
ensuring the condition that the values at the cell boundaries fall between the constant
cell values. Once the gradients have been determined suitably for each cell, the left
and right states for the Riemann problem can be set up in order to compute the fluxes

across the complete time-step.

The achievement of second-order accuracy in time is performed using a second-
order Runge-Kutta method. Here, the piecewise constant method is used to advance
the solution by half a time-step, with the resulting state then used to determine the
fluxes needed to advance the initial state by a complete time-step using a piecewise

linear method.
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1 B

=

Fig. 2.2 An example of an AMR grid using six levels of refinement. The density of the
region is denoted by the colour scale. Refined (small squares) and derefined (large squares)
areas are shown.

2.4 Adaptive Mesh Refinement

In many numerical studies, the flow over most of the numerical domain might be
relatively uniform. However, if small areas of the computational grid are more
detailed than their surroundings a much finer grid is required. To refine the entire
grid would be computationally expensive and would slow the calculations down
significantly. If the locations where a greater level of precision is needed are known
in advance, it is possible to use a static non-uniform grid with a much finer mesh
at these positions in order to resolve these features, though such a grid would
obviously have limitations. However, generally, such requirements for refinement
evolve as the solution evolves. Adaptive Mesh Refinement (AMR) is a method that
creates increasingly fine grid levels only where/when required, as determined by the
solution, thus increasing the accuracy and speed of the calculation. Figure 2.2 shows
an example of an AMR grid with refined and derefined areas. Here, unrefined areas
show a much larger grid, while regions with greater detail show an increasingly finer
grid at points where the solution is continuously changing.

In MG, a hierarchy of n grid levels, GY---G" 1, is used and the two coarsest (or
largest) grids (G and G') cover the entire domain, with finer grids being added

where needed and removed where they are not. The time step on grid G" is At /2n,
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where At is the time step on grid G°. The amount of refinement is increased at points
in the mesh where shocks or discontinuities exist, i.e. where the variables associated
with the fluid show steep gradients that are unable to be resolved by the coarser grid.
At these points, the number of computational grid cells produced by the previous
level is increased by a factor of 2 in each spatial direction. Thus, fine grids are only
utilised in regions where the flow is highly variable, with much coarser grids used
where the flow is relatively uniform. Refinement and derefinement are performed on
a cell-by-cell basis and are controlled by the differences in the solutions on the two
coarsest grids. Each refinement level solves the Riemann problem and calculates
the fluxes and then updates the fluid variables. Refinement occurs when there is a
difference of more than 1 percent between a conserved variable in the finest grid
and its projection from a grid one level down. If the difference in the two preceding
levels falls to below 1 percent, the cell is derefined. In order to maintain accuracy
and ensure a smooth transition between multiple levels, the refinement criteria are,
to an extent, diffused, with the code attempting to refine neighbouring cells in order
to prevent steep jumps in the resolution between the two cells that would impact the
refinement process. AMR can be computationally very expensive in situations where
the entire grid requires a high resolution, although for situations where this is not
the case AMR provides the perfect balance between computational speed and the

required resolution.

2.5 MHD

In addition to solving the Euler equations, MG can also solve the ideal MHD equa-

tions,
dp

Ejuv. (pu) =0, (2.32)
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%—kV-(puu—BxB—l—P):O, (2.33)
dpv

7+V-(pvu—ByB+P):0, (2.34)
dpw

TJFV-(pwu—BZB%—P):O, (2.35)
JE
5, TV ((E+Pu—(B-uB] =0, (2.36)

again, consisting of the continuity, momentum, and energy equations, respectively.

In addition, the ideal MHD equations also include the induction equation,

%—Vx(uxB):O. (2.37)

In the above equations, E = % + pm + % pu? is the total energy per unit volume, B
is the magnetic field strength, and P is the total pressure (given by the gas pressure
P plus the magnetic pressure p,, = %BZ). A factor of 1/ V47 has been incorporated
into the definition of the magnetic field in the above equations in order to simplify
them. As in the hydrodynamic case, the ideal MHD equations are solved by solving

the Riemann problem at each interface.

The MHD problem presents difficulties when ensuring that the condition
V-B=0 (2.38)

remains true when using the conservative form of the MHD equations. V - B is
typically not zero (but remains small) in numerical calculations, but the equations

used to approximate the MHD equations use the conservative form which requires
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the above condition to be true. Therefore, while the condition holds initially, it
begins to evolve as errors are introduced. Unless explicitly enforced, the condition
misbehaves in regions where the forces are close to equilibrium and fails if there is a
discontinuity in the magnetic field in the initial state. Thus, the condition is prone
to violation by magnetic monopoles introduced by numerical errors which are able
to break the solution in the region of discontinuities (Brackbill and Barnes, 1980).
Although Brackbill and Barnes (1980) proposed using the non-conservative form
of the momentum equation to solve this problem, this was not found to be effective
when the flow contained a shock. To get around this, Falle et al. (1998) instead used
a second-order upwind scheme which uses a linear approximation for all Riemann
problems except for those which involve strong rarefactions, and added source terms
to remove the effect of the numerical monopoles. Thus, MG_M (the MHD version
of MG) utilises the divergence cleaning scheme of Dedner et al. (2002) to transport

these divergence errors to the domain boundaries and coincidently dampen them.

Another complicating factor is the use of primitive variables in the MHD code.
Whilst the Riemann problem is governed by the conservative form of the MHD
equations, MG uses primitive variables, P, in order to more easily solve the linear
Riemann problem,

P= [Pa Vx; Vy, Vz,pg,By,BZ]l, (2.39)

where p and p, denote the density and gas pressure, and v and B denote the com-
ponents of the velocity and magnetic field in the x,y,z directions. ¢ denotes the
transpose of the vector. The primitive variables satisfy

Pz _

at—i— o 0. (2.40)
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The matrix, A, is given by,

v p 0 0 0 0 O
0 w o0 o LI 2 &
0 0 w 0 0 % 0
A=lo 0 0 w 0 0o -% (2.41)
0 pa> 0 0 v 0 0
0O B, —B, 0 0 v, 0
0V, 0 —B 0 0

where a is the adiabatic sound speed. The above matrix represents the Jacobian

matrix of fluxes with respect to the primitive variables. A mean matrix,

A(Pr,Pr)=A {%(PL'FPR)} ; (2.42)

is used to construct an approximate solution to the linear problem, and is dependent
on the left and right states. Use of the primitive variable equations only requires
seven variables because the condition V- B = 0 renders the x component of the
magnetic field constant if there is no dependence on y or z. Therefore, there are
seven waves (the speeds of which are given by the eigenvalues of A) which need
computing, thus adding a degree of complexity to the MHD equations in comparison
to the HD equations. Falle et al. (1998) discuss in detail how the fluxes are computed

from the eigenvectors of A using a simple linear Riemann solver.
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Chapter 3

Magnetohydrodynamic Filament

Simulations

3.1 Introduction

The ISM is known to be a highly dynamic and non-uniform entity containing regions
of varying temperature and density (see Section 1.1). Studies of the interaction of
hot, high-velocity gas (e.g. shocks or winds) with cooler, dense material (i.e. clouds)
are of great interest for a complete understanding of the gas dynamics of the ISM.
Recently, Herschel images have revealed the ubiquitous presence of filamentary
structures throughout the ISM in both star-forming and non-star-forming regions
(e.g. André et al. 2010, André et al. 2014). Since filaments harbour dense clumps or
cores that may eventually become stars, investigations into their origin and evolution
are important for understanding star-formation (§ 1.1.2).

The interactions of spherical molecular clouds with SNR shockwaves have
been well observed and studied (see Pittard and Parkin (2016) for a comprehensive
overview of the characteristics of such interactions). Whilst there are instances in
the literature of the interactions of jets and winds with filaments, there have been

very few studies devoted to shock-filament interactions. Therefore, a wide-ranging
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discussion of such observations presents difficulties. Zhou et al. (2014) discuss the
interaction of SNR G127.1+0.5 with an external filament. However, in this case the
filament is very large and significant changes in the shock properties can be expected

as it sweeps over the filament. This precludes a detailed comparison with my work.

The presence of magnetic fields can strongly change the nature of a shock-cloud
interaction. 2D axisymmetric simulations have shown that if there is a magnetic
field present then the formation of the KH and RM instabilities are impeded and the
mixing of the cloud with the flow is reduced (Mac Low et al., 1994). Furthermore,
3D simulations have revealed that the orientation of the field with respect to the
cloud has a significant effect on the evolution of the cloud’s morphology (Shin et al.,

2008).

There is now a large body of literature, beginning in the 1970s, concerning the
idealised case of a planar adiabatic shock striking an isolated spherical cloud (see
§ 1.3). However, there are very few numerical studies in the current literature which
consider interactions involving non-spherical clouds, and (to my knowledge) none
which describe in detail the effects of a magnetic field on these interactions. This
chapter extends the purely hydrodynamic work conducted by Pittard and Goldsmith
(2016). By nature, it represents an idealised scenario before more realistic simula-
tions of filaments are conducted. I investigate the effects that magnetic fields have
on shock-filament interactions by varying the Mach number (M), density contrast
(%), and plasma beta (), in addition to varying the orientation and length of the
filament, 6 and [, respectively, for parallel, perpendicular, and oblique magnetic
fields. In § 3.2 I introduce the initial conditions and the results of a convergence
study. In § 3.3 I present the results of my simulations. A discussion of the relevance
of my work to shock-filament and wind-filament studies is given in § 3.4, and § 3.5

summarises and concludes, and addresses the motivation for further work.
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3.2 Method

3.2.1 Numerical setup

The computations were performed using the MG magnetohydrodynamic code, details

of which can be found in Chapter 2.

3.2.1.1 Initial conditions

A three-dimensional XYZ cartesian grid was used with constant inflow from the
negative x direction and free inflow/outflow conditions at other boundaries. The
numerical domain was set to be large enough so that the main features of the
interaction occurred before the shock reached the edge of the grid. Since the grid
extent is y-dependent (because, for example, a larger value of ¥ means that a
hydrodynamical cloud takes longer to be destroyed, and therefore a larger grid is
needed - see Pittard et al. (2010) §4.1.2. for a discussion on how the nature of
the interaction changes with y for hydrodynamic cases) and M-dependent the grid
extent for each simulation is given in Table 3.1. The number of grid levels used
was 7 (see § 2.4). All length scales are measured in units of the filament radius,
re, where r. = 1, the unit of density is taken to be the density of the surrounding
unshocked gas, pamp = 1.9 X 1073 (in computational units), and the ambient pressure
is Pymp = 2.2 x 107> (also in computational units). The effective resolution is taken
to be the resolution of the finest grid and is given as R.,, where ‘cr’ is half the number
of cells per filament semi-minor axis in the finest grid, equivalent to the number of
cells per cloud radius for a spherical cloud. In this chapter, the resolution used is
R3; (see § 3.2.2). I impose no inherent scale on my simulations, thus my results are
applicable to a broad range of scenarios.

The simulated cloud is a cylinder of length / with hemispherical caps, represent-

ing an idealised filament, and the total length of the filament is given by (I +2)r.
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Table 3.1 The grid extent for each of the simulations. M is the sonic Mach number and ¥ is
the cloud density contrast. The unit of length is the initial filament radius, r..

M X Y Z
10 10 —20<X <560 —-10<Y<I10 —-12<Z<10
10 1057 —20<X <500 —-l4<Y<14 -23<Z<15
10 10%%F —20<X <1000 —14<Y <14 -30<Z<14
10 1037 —20<X <300 —l4<Y¥Y<14 —-41<Z<]15

10 103F —20<X <800 —14<Y<14 —-40<Z <20
310 “20<X <500 —-14<¥Y<14 —15<Z<13
1.5 10 —20<X <800 —12<Y<20 —-20<Z<20

Notes: tparallel magnetic field; fperpendicular/oblique magnetic field

I am therefore able to vary the aspect ratio and orientation of the filament in order
to investigate how such changes might alter the interaction. The filament has been

given smooth edges over about 10% of its radius,

P (r) = Pamb[W¥ + (1 — )] (3.1

(see Pittard et al., 2009), where
1 oa—1
=—(14+—— 3.2
b L), o

o = exp{min[20.0, p; ((r/r.)* — 1)]}. (3.3)

Here, r is the distance from the cloud centre, r. is the cloud radius, y ~ y =
Pmax/Pamb» and the parameter p; controls the steepness of the profile at the cloud
edge. Throughout this chapter I use a value of p; = 10 to give a reasonably sharp-
edged cloud. The filament and surrounding ambient medium are in pressure equi-
librium. The filament is centred on the grid origin x, y, z = (0,0,0) with the planar
shock front (propagating through a magnetised ambient medium) imposed on the

grid at x = —10. Figure 3.1 shows the interaction at t = 07, (see Eq. 3.12 for the
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10,0

0.0 0,0 40,0

}{ I

0.5

Fig. 3.1 The interaction at t = 0t., for model m10c1b1l4045pa (see § 3.3 for the model
naming convention). The scale shows logarithmic density, from red (highest density) to blue
(lowest density). The density has been scaled with respect to the ambient density so that a
value of 0 represents the value of p,mp and 1 represents 10 X pamp. The filament is initially
positioned at the origin, with the spatial scale in units of the initial filament radius r.. The
shock front moves from —x to +x and the magnetic field lines are parallel to the shock front.

definition of this timescale). The simulations are described by the sonic Mach num-
ber of the shock M, the cloud density contrast ), the filament length /, and the ratio
of thermal to magnetic pressure (also known as the “plasma beta”) By = 8T Pymp/ B%,
where P, is the ambient thermal pressure and By is the ambient magnetic field
strength. The filament orientation with respect to the z axis (or shock front), 6, and
the magnetic field orientation with respect to the shock normal in the xz plane, are
also considered. In the following simulations, the magnetic field is given a parallel,
perpendicular, or oblique (i.e. oriented at 45° to the shock normal) orientation. It
should be noted, however, that only one specific perpendicular or oblique orientation
of the field was included in this chapter owing to the already large parameter space
under consideration, and that other perpendicular/oblique orientations may produce
different effects on the evolution of the filament to those described in this study. The
simulations are scale-free and expressed in dimensionless units. The properties of

the flow behind the shock front are described by the RH jump conditions (see § 1.2).
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3.2.1.2 Global quantities

Various diagnostic quantities are used to follow the evolution of the interaction (see
Klein et al., 1994; Nakamura et al., 2006; Pittard et al., 2009; Pittard and Parkin,
2016). These quantities include the filament mass (m), mean density ((p)), filament
volume (V'), mean velocity along each axis (e.g. (vy)), and velocity dispersions along
each orthogonal axis (e.g. dvy). Averaged quantities, (f), are calculated according

to

()= — / _Rpra 3.4

g

where mg, the mass which is identified as being part of the cloud, is given by

mg = | P (35)
K=

The mass-weighted mean velocity of the filament in each direction ((vy), (vy), (v;))

and the velocity dispersions in all three directions, defined as

Sve = ((V3) — (v)?)'2, (3.6)
Svy = () — (w))) /2, (3.7)
&v, = ((v2) — (n)?) 2, (3.8)

are monitored, as well as the mean density, which is given as

_ "B
{p) = Vs’ (3.9)

where Vg is the volume of a region having x > B.
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An advected scalar, K, is used to trace the filament material in the flow, allowing
the whole filament along with its denser core to be distinguished from the ambient
medium. k has an initial value of p /(¥ Pamb) for cells located a distance of 2.25 r,
from the cloud centre, and k = 0 for distances greater than this. Thus at the centre
of the cloud k¥ = 1, and it declines for cells further out, reducing to a value of zero
for the surrounding ambient material. f is the threshold value, and integrations
are performed over cells where k > 8. Two related sets of quantities can thus be
investigated: setting B = 0.5 explores the densest part of the cloud and its associated
fragments (termed the ‘core’), and setting B = 2/ explores the entire cloud, the
surrounding low-density envelope, and regions where a low percentage of material
shows mixing with the ambient flow (termed the ‘cloud’). Therefore, each of the
global quantities is able to be computed for the cells associated with either the
filament core (using the subscript “core”, e.g. mcore) Or the entire filament (using the

subscript “cloud”, e.g. Mcioud)-

3.2.1.3 Timescales

Time zero in my calculations is taken to be the time when the inter-cloud shock
is level with the centre of the filament. Klein et al. (1994) defined a characteristic
timescale for a spherical cloud to be crushed by the shock being driven into it (the
“cloud-crushing time"),

x%re

tee = ) (3.10)
Vb

where vy, 1s the shock velocity in the ambient medium. A second timescale was de-
fined by Klein et al. (1994), namely a modified cloud-crushing time for cylindrically-
shaped clouds,

r’.,:M, (3.11)

cc Vb
where aq and c( are the initial radii of the cloud in the radial and axial directions

respectively. Xu and Stone (1995) instead provided a modified cloud-crushing time
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for prolate clouds,

1/2
fy = rsﬂvcb , (3.12)

where r is the radius of a sphere of equivalent mass. Pittard and Goldsmith (2016)
compared all three timescales and found that the one defined by Xu and Stone (1995)
for prolate clouds gave a slightly better reduction in variance between the simulations.
Therefore, this timescale, 7., has been adopted for this Chapter, with the assumption
that the smooth edges to the filament can be approximated as reasonably sharp edges
(Pittard et al. 2009).

Several other timescales are available. For example, the “drag time”, g, is the
time taken for the average cloud velocity relative to the post-shock flow to decrease
by a factor of e (i.e. the time when the average cloud velocity (v)cioua = (1 —1/€) vps,
where v, is the velocity of the post-shock flow as measured in the frame of the
pre-shock ambient medium); the “mixing time”, fyix, is the time when the filament
core mass is half that of its initial value, and the cloud “lifetime”, #;., is the time

taken for the filament core mass to reach 1% of its initial value.

3.2.2 Convergence studies

In numerical studies it is important to show that the quantities from the simulation
under consideration are converged and do not change as the resolution increases,
and that therefore the calculations are being performed at a resolution great enough
to resolve clearly the main features of the interaction, e.g. the growth of magne-
tohydrodynamic instabilities. The growth of such instabilities at the cloud surface
generates turbulence and any increase in resolution could lead to increasingly small
scales with respect to the turbulence. Diagnostic quantities such as the mixing rate
between cloud and ambient medium are sensitive to small-scale instabilities and are
therefore less likely to show convergence. Resolution tests of numerical shock-cloud

interactions for 2D adiabatic, hydrodynamic, spherical clouds have revealed that

62



3.2 Method

such simulations require a resolution of at least 100 cells per cloud radius (Rjqg) for
converged results (e.g. Klein et al. 1994; Nakamura et al. 2006), with more complex
cases requiring even higher resolutions (e.g. Yirak et al. 2010). However, it is very

computationally expensive to run 3D simulations to such high resolutions.

3D studies of spherical clouds have shown that convergence at resolutions as low
as Rz, is achievable, though to properly capture the behaviour of the interaction a
resolution of Rgy 1s necessary (Pittard and Parkin, 2016). Even more encouragingly,
these authors found very little difference between inviscid and k — € turbulence
model! simulations (it had previously been established that 2D studies which include
the kK — € model are convergent at lower resolutions, in contrast with inviscid studies
- see Pittard et al. 2009). The non-turbulent, hydrodynamic 3D Xu and Stone (1995)
study found that the evolution of the effective size of a prolate cloud was resolution-
dependent and that a resolution of at least Ry7 was needed for convergence of all
the diagnostic quantities. However, because a large grid was required for their
cloud they were unable to run a “high” resolution simulation to test this. One of
the few 3D MHD resolution tests in the literature was performed by Shin et al.
(2008) for a spherical cloud using a non-AMR code at resolutions of R0 and R
and concluded that most aspects of the MHD shock-cloud interaction were well
converged at both resolutions. To my knowledge, the only resolution tests for a
3D purely hydrodynamic shock-filament interaction were performed by Pittard and
Goldsmith (2016), who demonstrated that convergence was possible at a resolution
of R3p.

I extend these resolution tests to a 3D MHD shock-filament interaction. I focus
on two measures, the mean cloud velocity, (v,), and the core mass of the cloud, mcore,

which are affected by the cloud material becoming mixed with the flow and which

'The subgrid x — € turbulence model is used to model the mean flow in fully-developed, high
Reynolds number turbulence. It has been calibrated by comparing the growth of shear layers deter-
mined experimentally with computed values (Dash and Wolf, 1983). Details of its implementation in
MG can be found in Falle (1994).
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are therefore suitable indicators of convergence. In choosing these two quantities |
follow the convention of previous papers such as Pittard et al. (2009), Pittard and
Parkin (2016), and especially Pittard and Goldsmith (2016). However, it should be
noted that although the latter paper included convergence tests that considered the
resolution dependence of 74.,e and 7,ix for inviscid shock-filament calculations (as
well as the evolution of the filament centre of mass in the x and z directions), no
such tests have been run for filaments embedded in a magnetised medium in this
chapter. Thus, the inclusion of these quantities in the resolution tests of future similar

calculations should be considered.

It is known that simulations run with lower density contrasts are much more
resolution-dependent. When )y = 10 (which is the case for the majority of my
simulations) the filament is destroyed more quickly at lower resolutions. Figure 3.2
shows the time evolution of the core mass (a) and mean cloud velocity (b) as a
function of the spatial resolution for simulations with M = 10, By = 1, ¥ = 10,
[ = 4, a parallel field orientation, and a filament orientation of 45° to the z axis.
Figure 3.3 illustrates the difference in resolution, in terms of the main features of
the evolution of the filament, between resolutions Rg and R3;. It can be seen from
Fig. 3.2(b) that, with the exception of Ry, all resolutions are reasonably convergent
until approximately 307, after which there is some slight divergence. However,
from Fig. 3.2(a), it is clear that there are much larger differences between each of
the simulations. There appears to be some convergence between R3; and Rgy, at
least until approximately 157, when a fifth of the core mass has been lost, and
the filaments in these simulations initially lose their core mass much more slowly
than the filaments in the lower resolution simulations. However, I was restricted
from comparing even higher resolution runs because of the large computational

requirements.
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Figure 3.4 shows the relative error, which is defined as the fractional difference
between the value of a global parameter measured at a resolution N and that measured

at the finest resolution f:

|On — Oy
AOy — = =TT
QN |Qf| )

where f = 64 for simulations with M = 10, y = 10, and By = 1. It can be seen that,

(3.13)

in general, the relative error decreases with increasing resolution, and thus manifests
convergence. This is in line with the results from Pittard and Parkin (2016) and
Pittard and Goldsmith (2016). Figure 3.4(a) shows that for a resolution of R3; all
quantities have a relative error of below 5% at t = 21.;. As the simulations progress,
the relative error in the core mass increases overall. However, for R3», the relative
error in the mass is still ~ 5% (and is even lower for the other quantities), indicating
that a resolution of R3; provides reasonably-converged results, and adding support

for the adoption of this resolution in all subsequent simulations.

3.3 Results

In this section I present the results of various simulations where I have varied M,
X, Bo, [, and 6. Tables 3.2 and 3.3 summarise the calculations performed. I adopt
a naming convention for each simulation such that m10c1b1/2045pa refers to a
simulation with M = 10, y = 10, By = 1, [ = 2, a filament orientation of 8 = 45° and
a parallel magnetic field. The majority of the simulations performed are for M = 10,
x = 10, and By = 1, whilst the length and orientation of the filament are varied.
Towards the end of each section I will also discuss the results from simulations with
different Mach numbers, density contrasts, and plasma betas. A simulation of a
spherical cloud of radius r. = 1 is also included for comparison with filaments of

varying length (note that these simulations were run with a resolution of Rg).
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Fig. 3.2 Convergence tests for 3D MHD simulations of a Mach 10 shock hitting a filament
with density contrast ¥ = 10 in a parallel field. The time evolution of (a) the core mass
(normalised to the value of the initial filament mass, mcore o), and (b) mean cloud velocity
are shown.
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Fig. 3.3 Resolution test for a Mach 10 shock overrunning a filament, using the initial setup
shown in Fig. 3.1. A logarithmic density plot, scaled in terms of the ambient density, is
shown at t = 6.111,, for resolutions Rg (top) and R3, (bottom).
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Fig. 3.4 Relative error (compared to the highest resolution simulation) versus spatial res-
olution (the number of cells per filament radius on the finest grid) for a number of global
quantities measured from a shock-filament interaction with y = 10, M = 10, and By = 1 at
t =2t (top) and t = 5¢., (bottom).
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Table 3.2 A summary of the shock-filament simulations performed for a parallel magnetic
field. M is the sonic Mach number, ¥ is the density contrast of the filament to the surrounding
ambient medium, f is the ratio of thermal to magnetic pressure, [ defines the length of the
filament, and 6 defines the angle of orientation of the filament between its major-axis and
the shock surface. v, is the shock speed through the inter-cloud medium (in code units).
Vps 1 the post-shock flow velocity, and is given in units of v;,. M, is the Alfvénic Mach
number, Mgjow /fast are the slow/fast magnetosonic Mach numbers. 7. is the cloud-crushing
time-scale of Klein et al. (1994), while ¢, is the cloud-crushing time-scale for a spherical
cloud of equivalent mass introduced by Xu and Stone (1995). Key filament timescales are
additionally noted. Values appended by { denote that the true value was greater than that
given but that the simulation had ended before this point was reached.

Simulation M
ml10c1bl12045 10 10
m10c1bll4045 10 10

BO [ (re) 6(0) Vb Vps(vb) My Mgow Miast tcs/trr ldrag/tm tmix/tc.r tlife/lcs
1
1
m10c1bl118045 10 10 1
1
1
1
1
1
1
1

45° 136 074 9.3 100 9.13 136 298 832 254
45° 136 074 913 100 9.13 159 255 9.06  69.5
45° 136 074 9.3 100 9.3 191 236 886 374
0° 136 074 9.3 100 9.13 159 127 7.10 91.1
30° 136 074 9.3 100 9.13 159 190 104 104
70° 136 074 9.3 100 9.13 159 319 7.0 207
85° 136 074 9.3 100 9.13 159 256 6.46 19.1
90° 13.6 0.74 9.3 100 9.3 159 256 6.11 19.1
45° 136 074 9.13 100 913 159 435 5.17 11.7
45° 136 074 9.3 100 9.3 159 472 449 730
45° 136 074 645 100 646 159 255 357  79.1
45° 136 074 289 289 100 159 255 742 19.1
45° 204 042 137 150 137 159 226 127° 127F
45° 407 067 274 3.00 274 159 270 212 213%

m10c1b11400 10 10
ml0clbll4030 10 10
ml0clbll4070 10 10
ml0clbll4o85 10 10
ml0c1bll4090 10 10
ml0c2bll4045 10 10%
ml0c3bll4045 10 103
ml10c1b0.514045 10 10 0.5
ml0c1bl04045 10 10 10
ml.5clbll4045 1.5 10 1
m3clbll4045 310 1

IO NG N N N O SO N N N N S NN

Table 3.3 As Table 3.2 but for perpendicular and oblique magnetic fields. All columns apply
to both perpendicular and oblique fields, except columns which contain parentheses - in these
columns, values without (with) parentheses indicate perpendicular (oblique) simulations.
Values appended by 1 denote that the true value was greater than that given but that the
simulation had ended before this point was reached.

Simulation M X Bo L) 6(°) v Vps (Vp) My Mgjow Miage fes [tec tarag /1cs Imix /Tes tife /Tes
ml0cIbll2045 10 10 1 2 45° 136 073(074) 9.13 «(177) 6.74(729) 136 1.86(223) 181(112) 181.707 (149.487)
mlOclbll4045 10 10 1 4 45° 136 073(0.74) 913 o« (177) 674(729) 159  1.59(1.91) 128 (128")  127.71F (127.81F)
ml0cIbli8o45 10 10 1 8 45° 136 073(0.74) 9.3 o (17.7) 6.74(729) 191 1.32(1.58) 104t (1067) 104.08" (106.06")
m10c1b11400 10 10 1 4 0° 136 073(0.74) 913 o (17.7) 674(729) 159 095(127) 71.7(733) 128" (128")
mlOclbll4030 10 10 1 4 30° 136 073(0.74) 9.13 o (17.7) 6.74(7.29) 159 1.28(1.59) 119(80.8) 11907 (1287)
ml0clbll4070 10 10 1 4 70° 136 073(0.74) 9.3 o« (177) 674(729) 159 255(3.19) 107(87.9) 11T (1167)
ml0cIbll4085 10 10 1 4 85° 136 073(0.74) 913 o« (177) 674(729) 159 2.55(256) 53.5(90.8)  112F (1287)
ml0cIbll4090 10 10 1 4 90° 136 073(0.74) 913 o« (177) 674(729) 159 256 (2.56) 62.0(47.4)  95.7% (1287)
ml0c2bll4045 10 102 1 4 45° 136 073(074) 9.13 o (17.7) 6.74(729) 1.59 4.15(4.15) 78.5(30.0)  92.7 (89.57)
ml0c3bll40d5 10 103 1 4 45° 136 073(074) 9.13 o (17.7) 6.74(7.29) 159 4.89(542) 14.8(1.58)  24.47 (18.87)
ml0cIb0.514045 10 10 05 4  45° 136 0.72(0.73) 645 oo(1.58) 542(577) 159 127(1.59) 1287 (985 1287 (128")
ml0cIblOl4045 10 10 10 4 45° 136 074(0.74) 289 oo (421) 945(9.70) 159 2.87(287) 133(120) 1287 (128")
ml.5cibll4045 1.5 10 1 4 45° 204 0.02(0.12) 137 «(2.66) 1.01(1.09) 159 1.10(1.49) 9047 (229") 90.4F (2297)
m3clbll4045 310 1 4 45° 407 055(0.59) 274 = (531) 2.022.19) 159 091(1.24) 1837 (114%) 183F (1147)
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3.3.1 Parallel field

3.3.1.1 Filament morphology

I first review the morphology of filaments embedded in an initially parallel (i.e. at 0°
to the shock normal) magnetic field. Figure 3.5 presents snapshots of the time evolu-
tion of the density distribution for simulation m10c1b1/4045pa. The evolution of the
filament broadly follows the stages outlined in §4.1 of Pittard et al. (2009). Firstly,
the filament is struck and compressed by the shock front, and a bow shock is formed.
Then the filament expands until # ~ 6.461.;. However, unlike the hydrodynamical
spherical cloud case where the cloud broadly maintains its shape, the filament is
instead contorted out of shape and the expansion of the cloud is less evident. The
filament is swept downstream in the ambient flow, showing very little fragmentation
due to the parallel magnetic field but continually being stripped of material. The
presence of parallel magnetic field lines means that, unlike the hydrodynamic case,
the MHD filament exhibits little or no surface instabilities, ensuring that the filament
core survives for a far longer timescale than would otherwise be possible. MHD
filaments in a parallel field do not tend to form long tails of cloud material, but
instead a linear “void” is created which comprises an area of low density and high
magnetic pressure. In non-oblique filaments (henceforth known as “axisymmetric”
filaments), and in particular filaments orientated at 8 = 90°, this region forms a
very clear “flux rope”, but where the filament is angled to the shock front (“oblique”
filaments) such a structure is less well defined because the contortion of the filament
in the ambient flow is not symmetric.

Figures 3.6 and 3.7 show the density distribution at various times for simulations
m10c1b114090pa and m10c1b11l400pa, respectively. The orientation of these two
filaments leads to many more interesting features than those seen with the obliquely-

orientated clouds. For the interaction in Fig. 3.6 the filament is struck end-first, while

in Fig. 3.7 the filament is struck on its broadside. The initial filament structure in
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Fig. 3.6, after it has been struck by the shock, is very similar to that of the other
runs, since the mechanical energy of the shock is driving the interaction rather than
the magnetic energy of the filament. Compressed filament material is seen to form
a column or “flux rope” behind the filament head but the level of compression is
limited in comparison with the purely hydrodynamic case due to the magnetic field
lines which surround the filament and resist compression by the converging flow.
The post-shock flow is prevented from entering the flux rope by the build-up of
magnetic pressure in that area. The surface of the filament, by contrast, shows shear
instabilities (though damped because of the field) which serve to create “wings” -
areas either side of the filament where the material is being ablated and bent by
the surrounding flow (see §3.1.1. of Alizas et al. 2014). Although the level of
instability is greater than in the cases where the filament was orientated obliquely,
the filament nonetheless remains relatively coherent and does not fragment. Instead
it undergoes continual ablation to the surrounding flow until no substantial mass
remains. The filament with / = 4 and 6 = 85° begins to follow this evolution, and an
initial well-defined flux rope is formed. However, since the filament is oriented at a
slight angle to the shock front the structures forming on the axis behind the filament
are quickly destabilised and the evolution proceeds as in the obliquely-orientated
cases described above.

The filament in Fig. 3.7 also forms “wings”. However, since the shock front
strikes the entire length of the filament, the wings are far more substantial and act to
shield the far side of the filament from the flow. Therefore, the column of compressed
material forming the flux rope in this instance is much broader than in the previous
case. The filament is then dragged downstream by the post-shock flow, becoming
elongated before finally being destroyed.

Figure 3.8 shows a 3D volumetric rendering of the time evolution of the den-
sity of filament material in simulations m10c1b1/4045pa, m10c1b114090pa, and

m10c1b1l400pa, showing clearly the flux rope associated with the filament orien-
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X

Fig. 3.5 The time evolution of the logarithmic density, scaled with respect to the ambient
density, for model m10c1b1/4045pa. The evolution proceeds left to right, top to bottom,
witht =0.95¢., t = 3.54¢,,t =6.11t.,t =9.061.,t = 14.2¢.,, and t = 52.5¢.,. Note the
shift in the x axis scale for the final two panels. The initial magnetic field is parallel to the
shock normal.

tated at @ = 90°, and also that material is forced out of the side of the filament in
simulation m10c1b11l4045pa. Because only the filament material is shown, other

features such as the bow shock are not displayed in these plots.

3.3.1.2 Effect of filament length and orientation on the evolution of the core

mass

In a purely hydrodynamical case with a Mach 10 shock the filament is destroyed
within a short timescale of t ~ 107, (the filament survives for longer when hit by
a weaker shock - see Pittard and Goldsmith (2016)). This is because turbulent
instabilities are able to build up at the surface of the filament and encourage the
ablation of mass from it. However, when magnetic fields are present instabilities
are damped, and filaments survive over far longer timescales. Figure 3.9 shows the

evolution of the filament core mass over time for filaments with different lengths
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Fig. 3.6 The time evolution of the logarithmic density, scaled with respect to the ambient
density, for model m10c1b1/4090pa. The evolution proceeds left to right, top to bottom,
witht = 0.95¢., t =3.541,t = 61114, 1 =9.0615, t =27.91,, and t = 52.2¢,,. Note the
shift in the x axis scale for the bottom two panels. The initial magnetic field is parallel to the
shock normal.

and orientations. It can be seen that the timescale for destruction in these cases is
far greater than in the hydrodynamical scenario presented in Pittard and Goldsmith

(2016).

It can be seen that in terms of the core mass, the filament with / = 4 and an
orientation of 6 = 90°, and that with a length of / = 2 and an orientation of 8 = 45°,
are destroyed at t ~ 311.; and ¢ =~ 281, respectively. However, the filament with
[ =4 and 6 = 0°, and that with [ = 8 and 6 = 45°, are not destroyed until = 104 ¢,

(not visible in the figure) and ¢ ~ 611, respectively.

The orientation of the filament to the shock normal plays an important role
in the core mass evolution and the lifetime of the filament (Fig. 3.9(b)). Whilst
all filament orientations show a similar initial decrease in mass until r ~ 5¢., the
filament orientated at @ = 90° (i.e. end on), although initially the slowest to lose

mass, thereafter shows the most rapid drop in mass until its destruction (cf. Fig.
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Fig. 3.7 The time evolution of the logarithmic density, scaled with respect to the ambient
density, for model m10c1b1/400pa. The evolution proceeds left to right, top to bottom, with
t =0.95¢t.,t =3.541t,t =6.111,t =11.7t., t =27.9t., and t = 52.2¢.;. Note the shift
in the x axis scale for the bottom two panels. The initial magnetic field is parallel to the
shock normal.

28(i) in Pittard and Goldsmith (2016)). It is noticeable that those filaments with
orientations of 0° < 8 < 45° are much slower overall to lose the majority of their
core mass (with the mass loss rate decreasing significantly once less than 5% of
the initial filament mass remains), whilst those with orientations of 8 > 45° are

destroyed much more quickly.

Unless the filament is very short (in which case it begins to approximate a
spherical cloud), the length of the filament has less of an influence on the mass loss
than the orientation. From Fig. 3.9(a) it can be seen that all three filaments initially
show a similar decrease in their core mass. However, the filament with length [ =2
subsequently loses mass at a much faster rate than the other two lengths. This differs
from the hydrodynamic case in Pittard and Goldsmith (2016), where the filament of
length [ = 8 loses mass faster than the other filaments. Interestingly, the spherical

cloud, whilst incurring a faster mass-loss rate than the filament with / = 2, begins
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Fig. 3.8 3D volumetric renderings of models m10c1b1/4045pa (top), m10c1b114090pa
(middle), and m10c1b1l400pa (bottom) at t = 3.54¢., (left-hand column) and ¢ = 9.067
(right-hand column). The initial magnetic field is parallel to the shock normal.
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Fig. 3.9 Time evolution of the core mass, mcqe, for (a) a filament with variable length and an
orientation of 45°, and (b) / = 4 with variable orientation, in an initial parallel magnetic field.

to level off at ~ 7t.; and retains approximately one tenth of its initial mass by the
end of the simulation. In this case, although the “length” of the filament is short, it is
axisymmetric to the shock front and behaves in a similar manner to the filament of

length [ =4 and 6 =0°.

3.3.1.3 Effect of filament length and orientation on the mean velocity and the

velocity dispersion

There are two stages to the acceleration of the filament through the ambient flow.
The filament is first accelerated to the velocity of the transmitted shock, o< v,/ /X, as
the shock is driven through it, and then further accelerated by the flow of post-shock
gas until it reaches the velocity of the flow, e.g. 0.74v;, for M = 10, By = 1 and a
parallel field. Figure 3.10 shows the time evolution of the mean cloud velocity in
the x direction, (v,). It can be seen that filaments with orientations of 6 < 45° are
initially accelerated faster than those with orientations of 6 > 45°; this is likely to
be because there is a greater surface area presented to the shock front with these
orientations, i.e. the filament is ‘broadside’ to the shock front. It is interesting to
note that the filament hit end on is initially accelerated the least rapidly, but that the
rate of velocity gain does not level off as much as in some of the other models until

the filament experiences a reduction in acceleration at v ~ 0.6 v;,. It is clear that the
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filaments with / =4 and 6 = 0°,90° display more overtly the two-stepped nature
of the acceleration. At ¢ > 40¢.,, the filaments with 8 = 30° and 8 = 90° slightly
overshoot and then decelerate to the velocity of the post-shock flow (not visible in
Fig. 3.10), possibly due to the release of some built-up tension in the field lines.

In comparison with the filament orientation, the length appears to have no signifi-
cant effect on the mean velocity, with all filaments being accelerated at approximately
the same rate. This is in contrast to the spherical cloud which displays a profile
similar to the end on filament in Fig. 3.10(b).

The interaction of shocks with filaments creates substantial velocity dispersions
and reveals the presence of instabilities. In the x direction, the filaments with
orientations 6 = 70° have the highest peaks (Fig. 3.11(d)), with the 6 = 0° and
0 = 30° filaments showing the least dispersion in the x direction. This is in agreement
with Pittard and Goldsmith (2016) where, for end on or nearly end on filaments,
their dvy /vy, also reaches ~ 0.2 (cf. their Fig. 28(e)). Figures 3.11(e,f), by contrast,
indicate much less overall dispersion in the y and z directions. This is because,
in the x direction, the initial peak occurs as the transmitted shock travels through
the filament. Thus, there is a large dispersion between the shocked and unshocked
filament material at that time. A similar effect is produced in the y and z directions,
although slightly later, when the filament is undergoing compression.

A comparison of the top and bottom panels of Fig. 3.11 reveals that the velocity
dispersion is more sensitive to filament orientation than length in the x direction, and

more sensitive to length rather than orientation in the z direction.

3.3.1.4 Effect of filament length and orientation on the mean density

Figure 3.12 shows the time evolution of the mean density of the filament, (pcioud)>
and filament core, (pcore). The peak mean densities, after the shock has hit and

compressed the filament, for various lengths and orientations of the filament are
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Fig. 3.10 Time evolution of the filament mean velocity, (v,), for (a) a filament with variable
length and an orientation of 45°, and (b) [ = 4 with variable orientation, in an initial parallel
magnetic field. The dotted black line indicates the velocity of the post-shock flow.
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Fig. 3.11 Time evolution of the filament velocity dispersion in the x, y, and z directions,
OVy,,z, for a filament with variable length and an orientation of 45° (left-hand column), and
| = 4 with variable orientation (right-hand column), struck by a parallel shock.
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Fig. 3.12 Time evolution of the mean density of the filament, (p¢jouq) (top), and filament
core, {Peore) (bottom), normalised to the initial maximum filament density, for filaments with
(left-hand column) variable length and an orientation of 45°, and (right-hand column) / =4
and a variable orientation, in a parallel magnetic field.

similar. However, the mean densities of filaments with / =4 and 8 =90°, or [ =2 and
6 = 45°, decline more rapidly, with a lower final value of (p)/pmax being reached in
these cases (though in Fig. 3.12(d) the filament with 6 = 70° reaches a lower mean
density level by the end of the simulation). It is noticeable in Fig. 3.12(b) that for
filaments with orientations of 8 = 0°, 8 = 30°, or 8 = 90° there is a subsequent
increase in the mean density after reaching their lowest value, and this is mirrored in
the spherical cloud mean density in Fig. 3.12(a). The initial peak of the spherical
cloud mean density in Fig. 3.12(c) is slightly higher than for the filaments, and a
second, broader peak is present also. The difference in the height of the peak mean
densities may be due to the fact that the shocks driven into the filaments do not

converge as well as those driven into the spherical cloud.
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3.3.1.5 ) dependence of the filament evolution

Varying the cloud density contrast radically alters the evolution of the filament.
This is clearly seen in Figs. 3.13 and 3.14, where the filament downstream of
the bow shock evolves in a highly turbulent manner, not dissimilar to previous
hydrodynamical shock-cloud simulations (e.g. Pittard and Goldsmith 2016). The tail
of turbulent cloud material follows the pattern of the field lines at that point which
are highly contorted and tangled. Since instabilities are able to form on the surface
of the filament to a much greater degree than the other simulations run with a parallel
magnetic field, the core mass of the filaments in these cases are destroyed in very
short timescales of t = 17.2¢.; and t = 8.4, for ¥ = 100 and } = 1000, respectively,
though they are first drawn out into long strands, or tails, of cloud material before
being broken up into clumps and eventually mixed with the post-shock flow. Indeed,
the development of turbulent instabilities increases with increasing ). This is in
complete contrast to the y = 10 case shown in Fig. 3.5, where the evolving filament
in that case forms a compact and smooth structure and does not display pronounced
turbulent instabilities. The decreased destruction time of the filament (in units of
t.s) with increasing y follows the trend in Pittard and Goldsmith (2016), where #j;¢
reduces as ) increases when M = 10.2 However, this is in direct contrast with Pittard
and Parkin (2016), who revealed that spherical clouds do not show a clear trend
with y for fife at M = 10. This shows that #,ix and #ife do not exhibit monotonic
behaviour with varying ¥ when M = 10.

The demise of the y = 100 and y = 1000 filaments is seen in the mean density
plot (Fig. 3.15(c)), which shows that although these two filaments initially have a
much higher mean density in comparison with p,n, their mean density thereafter

quickly reduces, while the filament with ¥ = 10 maintains a much higher mean

21t should be noted that, owing to computational difficulties with running the ¥ = 1000 simulation
at such a high resolution, I used a slightly lower resolution of Ri¢ for this case. Thus, it should
be borne in mind that this filament may be destroyed more rapidly than would be the case with a
resolution of R3;.
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Fig. 3.13 The time evolution of the logarithmic density, scaled with respect to the ambient
density, for model m10c2b1l4045pa. The evolution proceeds left to right, top to bottom,
with t = 1.091., t = 1.97 ¢, t = 2.8615, t = 3.651.5, t =4.57105, t = 5.3615, t = 8.851,
and t = 16.57.. Note the shift in the x axis scale for the final four panels, and the change
in the logarithmic density scale compared to previous cases. The initial magnetic field is
parallel to the shock normal.

density after its initial compression by the shock front. In addition, Fig. 3.15(b)
shows that the filament with ¥ = 1000 is destroyed before it has reached the velocity
of the post-shock flow. The presence of instabilities is, however, present in the
velocity dispersion plots (Fig. 3.15(d-f)) with both the higher y filaments producing
a higher dispersion peak in the x direction than the ¥ = 10 filament. In addition, the
peak dispersion for higher values of y is shifted from the ¥ = 10 case in the x and
y directions, indicating that turbulent instabilities take longer to form and are more

important for the dispersal of the filament than its initial compression.
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Fig. 3.14 The time evolution of the logarithmic density, scaled with respect to the ambient
density, for model m10c3b1[4045 pa using a resolution of Rs. The evolution proceeds left
to right, top to bottom, with t = 0.3317, t = 0.88%, t = 1.431., t = 1.95¢,, t = 2.501,,
t =3.03¢,,t =3.57t., and t = 4.11¢.,. Note the shift in the x axis scale for the final three
panels, and the change in the logarithmic density scale compared to previous cases. The
initial magnetic field is parallel to the shock normal.
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Fig. 3.15 x dependence of the evolution for filaments with [ =4 and 6 = 45°. The initial
magnetic field is parallel to the shock normal, M = 10, and By = 1. Note that model
m10c3b114045pa was run at a resolution of Ry¢.

3.3.1.6 Mach dependence of the filament evolution

The Mach number of the shock can affect the growth rate of KH and RT instabilities
(the formation of wave-like structures at the filament surface due to the presence
of a velocity shear from the surrounding post-shock flow, and instabilities of the
interface between the filament and surrounding flow - each with a different density -
formed when the less dense flow pushes the more dense filament leading to ‘fingers’
of filament material protruding away from the surface, respectively), and can also
affect the speed at which material is stripped from the filament and the time taken
for the filament to become fully mixed with the surrounding flow. The post-shock
conditions are dependent on the Mach number. In the purely hydrodynamic case, low
Mach numbers (i.e. M < 2.76, see Pittard et al. 2010) lead to a subsonic post-shock
flow with respect to a stationary obstacle. Conversely, high Mach numbers provide a

supersonic post-shock flow.
I investigated three values for the shock Mach number: M = 1.5, 3, and 10.

Figure 3.16 shows the Mach number dependence of the evolution. It is evident
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from Fig. 3.16(a) that the core mass declines much more rapidly for M = 10 than
for M = 1.5, indicating that core material exists for far longer with a low Mach
number because of the milder interaction of the shock with the filament. The
morphology of the filaments with M = 1.5 and M = 3 does not radically alter over
time, with the filament merely being bent into a horseshoe shape and experiencing
very little compression or ablation of cloud material until the end of the simulation
att = 126.9¢,; (for M = 1.5) and t = 212.7t.; (for M = 3). It is clear, therefore,
that the interaction of the shock with the cloud is much more gentle in these cases
than for M = 10. Figure 3.16(b) illustrates the differing values for the velocity
of the post-shock flow according to Mach number, with very low Mach numbers
resulting in a much slower acceleration to the (smaller) normalised velocity of the
post-shock flow. The more gentle interaction at the lower Mach numbers results in
the acceleration of the filament up to the post-shock flow velocity while it is still
intact and coherent in structure. In addition, a bow wave is formed ahead of the
filament for shocks with M = 1.5, rather than the bow shock visible for M = 10 in

Fig. 3.5.

The velocity dispersion plots (Figs. 3.16(d,e,f)) show that M =1.5and M =3
have a faster decay of velocity dispersions in all directions, in comparison to M = 10.
Indeed, the difference in the height of the initial peak indicates that the filament has
been struck by a shock of differing strength, since for the milder shocks there is far
less of a contrast between the velocity of the shocked and unshocked portions of the

filament when the shock front first hits the cloud.

3.3.1.7 B, dependence of the filament evolution

Figure 3.17 shows the effect of varying the plasma beta on the evolution of the
filament. Figure 3.17(a) shows that the core mass of the model with By = 10 (i.e. a

weak magnetic field) is destroyed far quicker than for filaments with smaller values
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Fig. 3.17 Plasma beta dependence of the evolution for filaments with / =4 and 6 = 45°. The
initial magnetic field is parallel to the shock normal, M = 10, and y = 10.
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of By (i.e. strong fields), since a weaker magnetic field is less able to damp the
emergence of instabilities on the surface of the filament. The evolution with By = 0.5
and fp = 1 is, however, broadly the same, and the filament morphologies for these
two cases are very similar, whereas that for By = 10 shows greater dispersal of the
cloud material. Figures 3.17(b-f) show that there is not a great amount of divergence
between the three simulations with respect to the filament velocity, mean density,
or velocity dispersion in the y direction. However, the velocity dispersion in the x
direction does show some divergence at later times, once the structure and dynamics
of the shocked filament become sensitive to the magnetic field strength, and the peak

of the dispersion in the z direction increases with decreasing field strength.

3.3.2 Perpendicular field

3.3.2.1 Filament morphology

The time evolution of the density distribution for simulation m10c1b1[4045pe is
presented in Fig. 3.18, with the magnetic fieldlines visible in the xy plane in Fig. 3.19.
The presence of the perpendicular (i.e. 90° to the shock normal) magnetic field
lines helps to protect the filament from the effects of the shock front and subsequent
post-shock flow. Here, the field lines bend around the filament, allowing the flow
to move along them and shielding the filament from rapid mass loss via ablation.
In the filaments set at an initial angle to the shock front (the “oblique” filaments),
the filaments are drawn out into long tendrils and are swept downstream in the flow.
These filaments lose very little mass until near the end of the simulation. A small
linear void is formed downstream of the filament, but this is much smaller than
the void created in the parallel field scenario. As with the parallel field, oblique
filaments do not form any significant linear structure along their axis because they are
asymmetrical to the shock front. Compared to the parallel field case in Fig. 3.5, it can

be observed that the perpendicular field ensures that the filament maintains a higher

85



Magnetohydrodynamic Filament Simulations

density, and produces a more rapid initial acceleration of the filament downstream.
The latter is caused by the release of the tension that builds up in the field lines as

they re-straighten.

Figure 3.20 shows snapshots of the density distribution for model m10c15114090pe,
again with the fieldlines in the xy plane shown in Fig. 3.21. In the parallel field case,
a flux rope would be expected to form on the axis behind the filament. However, with
a perpendicular magnetic field this is not observed. Instead, low density filament
material forms a linear structure along the axis and, in line with the parallel field
scenario’s flux rope, this structure persists for some time. As in the parallel field
case, the filament with / =4 and 6 = 85° begins to form a similar structure to this

filament but the symmetrical nature of the evolving filament is quickly destabilised.

The density distribution for the filament in simulation m10c1b1/400pe is depicted
in Fig. 3.22 and Fig. 3.23. The morphology of this filament at early times (i.e.
t = 3.541.) is very similar to that with a parallel field, except that the wings of this
filament are swept backwards into the flow. From an observational point of view
it may appear as if the filament has been struck by a shock travelling toward the
—x direction, and this may render the observational interpretation of such structures
problematic. The beginnings of a very short, but broad, flux rope are present but this

feature does not grow over time.

Figure 3.24 shows a 3D volumetric rendering of the time evolution of the den-
sity of filament material in simulations m10c1b1/4045pe, m10c1b114090pe, and
m10c1b1l400pe, clearly showing a “sheet-like” structure at the upstream end of the
filament. Because only the filament material is shown, other features such as the

bow shock are not displayed in these plots.
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X

Fig. 3.18 The time evolution of the logarithmic density, scaled with respect to the ambient
density, for model m10c1b1[4045pe (cf. the parallel field case in Fig. 3.5). The evolution
proceeds left to right, top to bottom, with t = 0.95¢.,, t = 3.441., t = 6.36¢., t = 8.951,
t = 14.51,, and t = 52.11.,. Note the shift in the x axis scale for the final two panels. The
initial magnetic field is perpendicular to the shock normal.

0.5

Fig. 3.19 As per Fig. 3.18 but showing the xy plane and magnetic fieldlines. The evolution
proceeds left to right with t = 0.95¢, t = 3.441., and t = 6.361,,. Note the shift in the x
axis scale for the final panel.
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Fig. 3.20 The time evolution of the logarithmic density, scaled with respect to the ambient
density, for model m10c1b114090pe (cf. the parallel field case in Fig. 3.6). The evolution
proceeds left to right, top to bottom, with t = 0.95¢., t = 3.551., t = 6.10¢, t = 1171,
t =27.9t., and t = 52.21.;. Note the shift in the x axis scale for the bottom two panels. The
initial magnetic field is perpendicular to the shock normal.

o .0 H b I
-0 00 50 50 1.0 5.0 0.0 .0 2.0
X X X

0.5

Fig. 3.21 As per Fig. 3.20 but showing the xy plane and magnetic fieldlines. The evolution
proceeds left to right with r = 0.951,, t = 3.55¢.,, and t = 6.1017,. Note the shift in the x
axis scale for the final panel.
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Fig. 3.22 The time evolution of the logarithmic density, scaled with respect to the ambient
density, for model m10c1b11400pe (cf. the parallel field case in Fig. 3.7). The evolution
proceeds left to right, top to bottom, with r = 0.95¢., t = 3.54 1.5, t = 6.12¢5, t = 1171,
t =27.9t., and t = 52.21.;. Note the shift in the x axis scale for the bottom two panels. The
initial magnetic field is perpendicular to the shock normal.
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Fig. 3.23 As per Fig. 3.22 but showing the xy plane and magnetic fieldlines. The evolution
proceeds left to right with t = 0.95¢, t = 3.541., and t = 6.121,,. Note the shift in the x
axis scale for the final panel.
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Fig. 3.24 3D volumetric renderings of models m10c1b1l/4045pe (top), m10c1b114090pe
(middle), and m10c1b1/400pe (bottom) at ¢t = 3.44¢.; (left-hand column) and r = 8.9517
(right-hand column). The initial magnetic field is perpendicular to the shock normal.
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3.3.2.2 Effect of filament length and orientation on the evolution of the core

mass

Amongst all the quantities being tracked, the reduction in the filament core mass
shows the most dramatic difference between simulations with parallel and perpendic-
ular magnetic fields. Figure 3.25 shows the evolution of the core mass for filaments
in a perpendicular field. The first point of note is that these filaments are very slow
to lose their mass. Indeed, in all cases the filaments still comprised a significant
amount of mass (between two and three fifths of the initial mass) by # = 801.,. This
is in direct contrast to the filaments in a parallel field. Whilst filaments with [ = 4
and 6 = 85° and 90° lose their mass more quickly (in agreement with the parallel
field cases) it is interesting that the filament with [ = 4 and 6 = 0° has lost the most
mass by t = 801.: in the parallel field simulations it was one of the filaments which
conserved their mass the longest.

Considering Fig. 3.25(a), the length of the filament does not appear to have a
large influence over the evolution of the core mass, since all three filaments lose
mass at approximately the same rate. The spherical cloud, in comparison, loses mass
much more quickly, having lost approximately three fifths of its initial mass by the
end of the simulation, as opposed to the two fifths that the other filaments have lost.
Similar to the parallel magnetic field case, where the spherical cloud evolved in a
similar manner to the filaments with 8 = 0°, the spherical cloud in this case evolves

in a similar manner to the filament with 6 = 90°.

3.3.2.3 Effect of filament length and orientation on the mean velocity and the

velocity dispersion

The plots showing the mean filament velocity in the x direction (Fig. 3.26) reveal
that the filaments in all cases are accelerated to the velocity of the post-shock flow

more rapidly than those in a parallel magnetic field. The acceleration is expected to
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Fig. 3.25 Time evolution of the core mass, mcqe, for (a) a filament with variable length and
an orientation of 45°, and (b) / =4 with variable orientation, in an initial perpendicular
magnetic field.

be faster due to 1) the increased magnetic pressure which builds up on the upstream
side of the filament, and ii) the ‘snapping back’ of the field lines due to the magnetic
tension which builds up as the field is dragged around the filament. In contrast to
Fig. 3.10(b), the filament with / = 4 and 6 = 30° levels off after the initial accelera-
tion, before accelerating again to reach the post-shock flow velocity. Additionally,
the filament with / = 4 and 6 = 0° overshoots, before asymptoting to the velocity of
the post-shock flow.

The length of the filament has little effect on the mean velocity, with all three
filaments initially accelerating at the same rate. However, the filament with [ = 8
and 6 = 45° exhibits the “levelling-off” seen in plot (b), a feature not present in
Fig. 3.10(a). The spherical cloud continues to smoothly and rapidly accelerate
without levelling off and thus reaches the post-shock flow velocity earlier than the
three filaments.

With regard to the velocity dispersion plots, the length of the cloud is shown to
have even less of an influence on the evolution of this parameter than in the case of a
parallel field (compare Figs. 3.27(a-c) to Figs. 3.11(a-c)). However, there is a clear
split in Figs. 3.27(d,f) between those filaments which are more “end on” to the shock
front, and those which are more “broadside” to it. As in the parallel field case, those

filaments with orientations of 8 > 45° have a greater initial dispersion in the x and z
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Fig. 3.26 Time evolution of the filament mean velocity, (v,), for (a) a filament with vari-
able length and an orientation of 45°, and (b) / = 4 with variable orientation, in an initial
perpendicular magnetic field. The dotted black line indicates the velocity of the post-shock
flow.

directions, whilst filaments of varying length have very similar velocity dispersions
in all directions. In all the velocity dispersion plots the peak of the dispersions is
lower than those with a parallel field, indicating that the section of filament closest

to the shock front has undergone less compression in the perpendicular field case.

3.3.2.4 Effect of filament length and orientation on the mean density

The mean density plots (Fig. 3.28) for both (pcioud) and (Pcore), in terms of the
filament orientation, show very little difference between the simulations. However,
as in the parallel magnetic field case, the filaments with orientations greater than
0 = 45° have a slightly larger drop in mean density, overall. Plots (a) and (c) of
Fig. 3.28 show almost no change in the mean density between the simulations
while the spherical cloud reduces to a much lower mean density consistent with the
filaments with 8 = 0°, and 90°, indicating that the filament length is not important

for the evolution of the mean density.

3.3.2.5 ) dependence of the filament evolution

The evolution of filaments in a perpendicular field with increasing cloud density

contrasts is radically different to those in a parallel magnetic field. Figure 3.29
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Fig. 3.28 Time evolution of the mean density of the filament, (p¢jouq) (top), and filament
core, (Peore) (bottom), normalised to the initial maximum filament density, for filaments
with (left-hand column) variable length and 6 = 45°, and (right-hand column) / = 4 and a
variable orientation, in an initial perpendicular magnetic field.

shows that the filament is drawn out into long, smooth, tendril-like shapes which
persist for far longer than the filaments in the parallel case (cf. Fig. 3.13), while the
highly-turbulent features present with a parallel field are not in evidence. In addition,
the magnetic fieldlines are increasingly stretched around the filament and bunched
together, as seen in Fig. 3.30. The higher the value of ), the more drawn-out the
filament is along the x axis. This is evident in Fig. 3.31(a), where the filaments with
higher values of y retain almost two fifths of their initial mass at the end of the
simulation, though that with y = 1000 still has a faster mass-loss rate in agreement
with the parallel field case. The mean velocity and mean density plots for both
parallel and perpendicular fields are very similar. However, the velocity dispersion
plots show some differences, with much less dispersion in the x and y directions in

Figs. 3.31(d,e).
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Fig. 3.29 The time evolution of the logarithmic density, scaled with respect to the ambient
density, for models m10c2b114045pe (left-hand column) and m10c3b1/4045 pe (right-hand
column). The evolution proceeds top to bottom, with r = 1.081., t = 1981, t = 3.651,;,
and t = 16.61., for the ¥ = 100 case, and t = 0.34 1., t =0.6117., ¢t =1.151,, and t = 5.231
for the ¥ = 1000 case. Note the shift in the x and y axis scales for the final panel in each
column, and the change in the logarithmic density scale compared to previous cases. The
initial magnetic field is perpendicular to the shock normal.
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Bottom row: as per Fig. 3.29 (right-hand panels) but showing the xy plane and magnetic
fieldlines. The evolution proceeds left to right with ¢ = 0.34¢,, t = 0.61¢., and t = 1.15¢,.
Note the shift in the x axis scale for the final panels.

Meore (M)

8y cloud™ (Vo)

L
20

. .
40 60 80
Time (tcs)

40 60 80 100
Time (tcs)

<Vy,cloud™ (Vb)

vy cioud™ (Vo)

0.2

0.15

0.1

0.05

0

T
c) F=1Q —
2=102 ——
103 —
_10° *
3
£
S
N 10
5
I
v
. . 108 L . . .
0 20 30 40 0 20 40 60 80
Time (tes) Time (tcs)
0.25
) e ) e
Y=102 e Y=102 e
x=10% e 0.2 x=10% =——
2
= 0.15
A
]
3
N 0.1
E
0.05
. . . 0
0 20 40 60 80 100 0 20 40 60 80 100
Time (tcs) Time (tes)

Fig. 3.31 ) dependence of the evolution for filaments with / =4 and 6 = 45°. The initial
magnetic field is perpendicular to the shock normal, M = 10, and 3y = 1. Note that although
model m10c3b1/4045pe was run at a reduced resolution of Rj¢ it was computationally
difficult to run. Therefore, the filament in this model moved off the grid before the simulation

was complete.
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3.3.2.6 Mach dependence of the filament evolution

The shock Mach number dependence of the evolution displays similar trends to that
of the parallel magnetic field case. However, it can be seen from Fig. 3.32(a) that
the filament which has been struck by a M = 1.5 shock has lost almost no mass for
the duration of the simulation (in contrast with the filament struck by an M = 10
shock, which has lost two fifths of its mass by # = 801,). Fig. 3.32(b) shows that
the post-shock velocity in the M = 1.5 case is very small (and much smaller than
that of the same case in a parallel field). This suggests that the combination of a
mild shock and the magnetic field lines bent around the filament serve to protect the
filament from compression and ablation by the flow for a considerable time. This
is borne out by the morphology of the low Mach filaments, which retain the same
footprint for much of the simulation (indeed, the filament with M = 1.5 does not
significantly alter its morphology at all). The velocity dispersion plots (d, e, f) show
that there is far less dispersion in all directions compared with the parallel magnetic
field case, though again the simulation with M = 1.5 has almost no dispersion since
its morphology has not been significantly changed by the post-shock flow during the

period that the simulation was run.

3.3.2.7 [, dependence of the filament evolution

Figure 3.33 shows the effect of varying the plasma beta on the filament evolution.
As in the parallel field case, the filament with a weak magnetic field (8 = 10) loses
mass much more quickly than the other two, stronger, fields. The morphology of
the filament in the weaker field displays similar patterns of instability to that of
the parallel field, with material being stripped from the surface of the filament. In
contrast, the filament in the other two strengths of field remains tightly bound for
the duration of the simulation. In addition, there is again a very low amount of

divergence between the simulations with regard to the velocity, velocity dispersions,
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Fig. 3.32 Mach number dependence of the evolution for filaments with / =4 and 6 = 45°.
The initial magnetic field is perpendicular to the shock normal, y = 10, and By = 1.

and mean density, though the filament in a B = 10 field takes longer to be accelerated
to the velocity of the post-shock flow due to the lower upstream magnetic pressure
and decreased tension in the field lines. Furthermore, its velocity dispersions decay

more slowly, compared to those filaments with stronger field strengths.

3.3.3 Oblique field

3.3.3.1 Filament morphology

The simulations run with an obliquely-orientated (i.e. at 45° to the shock normal)
magnetic field have very similar morphologies to those run with a perpendicularly-
orientated field. For this reason, I have not included snapshots of the logarithmic
density for the oblique field case. As before, filaments set at an angle to the shock
front in an oblique field take on a tendril-like appearance, whilst those orientated
either broadside, or end on, to the shock front produce linear features along the axis

behind the filament.
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Fig. 3.33 Plasma beta dependence of the evolution for filaments with / =4 and 8 =45°. The
initial magnetic field is perpendicular to the shock normal, M = 10, and } = 10.

3.3.3.2 Effect of filament length and orientation on the core mass, mean ve-

locity, velocity dispersion, and mean density

In terms of the evolution of the core mass, there is only a slight difference between
Fig. 3.34(a) and Fig. 3.25(a). In the oblique field case, the filament with / = 4 and
0 = 45° has the most mass remaining at the end of the simulation whilst that with
I =8 and 6 = 45° loses the most mass. In the perpendicular field case, however,
the rate at which each filament loses mass is reversed. Considering Fig. 3.34(b) and
Fig. 3.25(b), the only difference between the two field orientations is that in the
perpendicular field case the filament with / =4 and 6 = 85° is one of two filaments
which lose the most mass by the end of the simulation, but in the oblique case this
filament loses mass far slower (at a similar rate to the filaments with 8 = 30° and
0 =70°).

The mean velocity plots for filaments in oblique and perpendicular fields (Fig. 3.35
and Fig. 3.26, respectively) are almost identical, though the filament in the oblique
field with [ = 8 and 6 = 45° is accelerated to the velocity of the post-shock flow

much more smoothly than the same filament in the perpendicular field. The ve-
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Fig. 3.34 Time evolution of the core mass, mcqe, for (a) a filament with variable length and
an orientation of 45°, and (b) / = 4 with variable orientation, in an initial magnetic field

orientated at 45° to the shock normal.
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Fig. 3.35 Time evolution of the filament mean velocity, (v), for (a) a filament with variable
length and an orientation of 45°, and (b) / = 4 with variable orientation, in an initial magnetic
field orientated 45° to the shock normal. The dotted black line indicates the velocity of the

post-shock flow.
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Fig. 3.36 Time evolution of the filament velocity dispersion in the x, y, and z directions,
OVy,y,, for a filament with variable length and an orientation of 45° (left-hand column), and
[ = 4 with variable orientation (right-hand column) in an initial magnetic field orientated 45°
to the shock normal.

locity dispersions for both orientations of the magnetic field are also very similar,
though Fig. 3.36(d) does not display as large a dispersion in the x direction between
t =30 —40¢. as Fig. 3.27(d) does. In terms of the mean density (cf. Fig. 3.37 with
Fig. 3.28), the filaments with different orientations provide very similar plots in
both the oblique and perpendicular field cases, whereas those filaments with varying
lengths in the oblique field case reach a much lower mean density after the initial

peak.

102



3.3 Results

o
s
o
=
<
[
(=]

=
[
]

@
[S]

spherical 0=70 e
10° - 6=85 ]
6=90 =

10 - + .

<Peioud™ (Pmax)

I
T

12
14
18

spherical =70 —
10° ] 0=85 .
8=90

L=~
Il

W
o

<Peore™ (Pmax)

1 1 1 1 1 1 1 1
0 20 40 60 0 20 40 60
Time (teg) Time (tee)

Fig. 3.37 Time evolution of the mean density of the filament, (p¢jouq) (top), and filament
core, (Peore) (bottom), normalised to the initial maximum filament density, for filaments
with (left-hand column) variable length and 6 = 45°, and (right-hand column) / = 4 and a
variable orientation, in an initial magnetic field orientated 45° to the shock normal.

3.3.3.3 x, M, and 3, dependence of the filament evolution

As with the time evolution of the filaments with varying length and orientation,
the dependence of the evolution on the density contrast, shock Mach number, and
magnetic field strength does not significantly differ between the perpendicular and
oblique field cases. In terms of the change in ), the only difference between
Figs. 3.38 and 3.31 is that the filaments with higher values of ) in the oblique field
are destroyed much faster than those in a perpendicular field (though still not as
rapidly as for a parallel field). Figure 3.39 shows that the velocity of the post-shock
flow is higher in the oblique field case, and thus the filament hit by a M = 1.5 shock
reaches a higher final velocity compared to the perpendicular field case. In addition,
this filament has much greater velocity dispersions than the same filament in the
perpendicular field case (cf. Fig. 3.32). The filament struck by a M = 3 shock also

loses mass at a slightly faster rate than in a perpendicular field. Considering the
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Fig. 3.38 x dependence of the evolution for filaments with / =4 and 8 = 45°. The initial
magnetic field is orientated 45° to the shock normal, M = 10, and By = 1. Note that although
model m10c3b1/40450b was run at a reduced resolution of R it was computationally
difficult to run. Therefore, the filament in this model moved off the grid before the simulation
was complete.

magnetic field strength, the main difference between the perpendicular and oblique
field cases is that the filament in a field of strength 3y = 0.5 undergoes much greater

velocity dispersions in the y direction at t ~ 40¢.,, compared with the perpendicular

field (cf. Fig. 3.40(e) to Fig. 3.33(e)).

3.3.4 Timescales

Values of #4rag, Imix» and fje are noted in Tables 3.2 and 3.3. With the exception of
the simulations with a cloud density contrast of 1000 in both the parallel and oblique
field cases, in all other cases #4rag < Imix. Figure 3.41 shows the values of #4;,, for
filaments of varying length and an orientation of 8 = 45° and filaments with a length
[ = 4 and varying orientations, with M = 10, x = 10, and 8 = 1. It can be seen from
Fig. 3.41(a) that 74,5, decreases at a similar rate with increasing filament length for all
orientations of the magnetic field. However, the field orientation also has an influence
on the value of 7y, With filaments in a parallel field exhibiting higher values

compared to those in a perpendicular field. Figure 3.41(b), in contrast, shows that
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Fig. 3.39 Mach number dependence of the evolution for filaments with / =4 and 6 = 45°.
The initial magnetic field is orientated 45° to the shock normal, ¥ = 10, and By = 1.
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Fig. 3.40 Plasma beta dependence of the evolution for filaments with [ = 4 and 8 = 45°. The
initial magnetic field is orientated 45° to the shock normal, M = 10, and x = 10.
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while the field orientation has the same effect for filaments with varying 6 as those
with varying length, 74, in this case increases with increasing filament orientation,
with filaments of 6 = 0° exhibiting the lowest value of 74, (i.€. these filaments
accelerate faster than the others). In addition, there is a downturn/plateauing in the
value of 74, for filaments with orientations of 6 > 70°. For both plots, #4,¢ varies by
a factor of ~ 2.5. f4rae is an important indicator of the filament’s acceleration within
the post-shock flow; thus, in the above cases, longer filaments oriented broadside
to the shock front are able to be accelerated more quickly up to the velocity of the

post-shock flow.

Figure 3.42 shows the change in 7,,jx according to filament length and orientation,
respectively. It should be noted that because MHD filaments generally exist for far
longer than hydrodynamic filaments 7,jx in some of the simulations occurred after
the end of the simulation. I have, therefore, plotted the simulation’s final value of
t as tpix Whilst emphasising that the actual 7,,;x was in fact greater than this (see
Tables 3.2 and 3.3 for an indication of the relevant simulations). The results from
Pittard and Goldsmith (2016) showed that 7,;x displayed the same behaviour as 7g,e
for filaments of varying length or orientation. However, my results displayed much
more complex behaviour (cf. Fig. 3.42 with Fig. 34 in Pittard and Goldsmith (2016)).
The results for filaments of differing length broadly showed the same trends as for
ldrag, but those for filaments of varying orientation in either a perpendicular or oblique
field did not. It is clear that filaments of 8 = 45° in perpendicular/oblique fields
are far more slow to mix in with the surrounding flow than filaments of any other
orientation. f,ix is relevant to the survival of the filament; therefore, in the above
cases, filaments of length / < 4 and oriented at 6 = 45° in either a perpendicular or

oblique field are able to survive for significant periods of time.
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Fig. 3.42 1,,x, as a function of filament length (top panels), where the filament has an
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[ = 4, for simulations with M = 10, y = 10, and 8 = 1, in a perpendicular/oblique field (left)
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than actual values for ¢,,,;, (see Table 3.3).
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3.4 Discussion

Filaments have been observed in regions such as the Taurus molecular cloud (Panopoulou
et al., 2014), the Lupus molecular clouds (Benedettini et al., 2015), Orion A (Poly-
chroni et al., 2013), and the Pipe Nebula (Peretto et al., 2012). Recent observations
(e.g. from Herschel) have shown filamentary structures to be highly prevalent within
star-forming regions and point towards their central role in the process of star forma-
tion (e.g. Arzoumanian et al. 2011). In addition, theoretical and numerical studies
(Federrath, 2016) of such observations which followed the evolution of molecular
clouds and the star formation within them, detected complex networks of filaments in
all simulations and determined various filament parameters which were in excellent

agreement with observations.

A large proportion of prestellar cores are found to be located within dense
filaments (e.g. Schisano et al. 2014, Konyves et al. 2015). Clusters tend to be highly
concentrated at filament junctions but cores (and, thus, stars) have also been shown
to form along filaments, indicating that the merger of filaments enables the formation
of massive stars within clusters (Schneider et al., 2012). The presence of magnetic
fields and their stabilising effects on filaments have been inferred (e.g. the alignment
of a filament to the ambient magnetic field (Benedettini et al., 2015) and the smooth
morphology of some filaments (Crawford et al., 2005)), though there has been less
discussion of this subject in the literature. Such stabilisation may have a role to play

in enabling the subsequent formation of cores.

In light of the importance of filamentary structures, studies of the interaction of
high-speed flows with filaments, as well as the physics of filament evolution and de-
struction, are important for a complete understanding of the magnetohydrodynamical

nature of the ISM and the process of star formation.
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3.4.1 Entrainment of filament material

In the current study, I found that almost all the filaments had been accelerated to the
velocity of the post-shock flow by the end of the simulations. The entrainment of cold,
molecular filaments has been noted in the literature (e.g. in jet-filament interactions
(O’Dea et al., 2013)). Although the current work concerns the interaction of a shock
with a filament there is some relevance to wind-filament/cloud interactions, since the
majority of the filaments in the simulations presented in this Chapter survived the
passage of the initial shock and were then overrun by the post-shock flow, which can
be thought of as resembling a wind of the same velocity. A more detailed comparison

of shock-cloud and wind-cloud interactions will be presented in Chapters 4 and 5.

Zhang et al. (2015) investigated hydrodynamic isothermal wind-cloud interac-
tions. In their simulations, they found that the ram pressure from a hot wind was
not able to accelerate the cloud to observed velocities since the cloud was rapidly
shredded by KH instabilities whilst it was still at a relatively low velocity. This
called into question how cool gas was able to be entrained and accelerated by the sur-
rounding flow. The authors proposed an alternative theory whereby magnetic fields
could prolong the cloud’s life, allowing the build-up of turbulent instabilities to occur
over a much longer timescale than that implied by the hydrodynamic simulations.
McCourt et al. (2015) also found that tangled internal magnetic fields suppressed

mixing and allowed clouds to accelerate up to the wind speed.

In a similar vein, Scannapieco and Briiggen (2015) investigated the evolution
of cold spherical clouds embedded in flows of hot and fast material. They found
that the velocity of the cloud was dependent on the density contrast and the velocity
of the hot wind; one implication being that if ¥ = 100, the cloud would not be
accelerated to the hot wind speed before being destroyed. In addition, these authors
considered the distance travelled by the cloud and found that this was proportional to

the square of the lifetime. Thus, the suppression of KH instabilities can be important
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in determining the distance over which the cloud moves before its destruction. In the
hydrodynamic case, the distance depended almost completely on the initial cloud
radius. This presented problems in that for clouds to travel distances of ~ 100 kpc,
as observed in nearby galaxies, they would need to be the size of a galaxy in order to
do so without first being destroyed. The authors suggested that magnetic fields may
be one way in which the cloud’s lifetime could be extended to allow them to travel

such large distances.

In the work presented in this chapter, I found that the cloud density contrast,
shock Mach number, and magnetic field orientation are important for determining
the lifetime of filaments. A x of 1000 in a parallel field and a shock Mach number of
10 led to the rapid destruction of the filament by turbulent instabilities before it had
reached the velocity of the post-shock flow, whereas low values of y in a weak shock
and a perpendicular or oblique field provided the best conditions for the long-term
survival of the filament. Filaments struck by a weak (e.g. M = 1.5) shock, regardless
of the orientation of the magnetic field, were easily able to reach the much lower
post-shock flow velocity. It should be noted, however, that my simulations did not
include the effects of evaporation on the filament, which Zhang et al. (2015) consider
to be important for the destruction of the cloud in the presence of a magnetic field.
My simulations also reveal that the presence of a magnetic field dramatically affects
the filament lifetime. A perpendicular or oblique field allows the field lines to wrap
around the edge of the filament, protecting it from the flow and allowing it to move a
distance downstream of many tens, hundreds, or thousands of r. before the filament
is finally destroyed (and in some cases the filament may not be destroyed at all).
Thus, the preserving effect that the orientation of the field has on the filament is the

key take-away result of this chapter.
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3.5 Summary and Conclusions

The material in this Chapter forms the basis for the second in a series of papers
investigating the interaction between astrophysical shocks and filaments. In this
Chapter, I employed a magnetohydrodynamic code to investigate the evolution and
destruction by an adiabatic shock of a filament embedded within a magnetised
medium. In comparison to the results from the previous hydrodynamical study of
filaments by Pittard and Goldsmith (2016) I found that the presence of magnetic
fields, their orientation with respect to the shock normal, and an increase in the
density contrast of the filament all had significant effects on the evolution and
lifetime of the filament; this is the key and novel result arising from this chapter.
I summarise my main results for each orientation of the magnetic field as follows,

noting that in all comparisons the time is normalised by #.:

* Farallel fields:

(i) Filaments which are orientated either broadside, or nearly-broadside, on to
the shock front survive for far longer than those orientated end on. Unless
the filament is very small, the length of the filament has no significant

effect on its evolution;

(ii) Well-defined linear structures situated on the axis behind the filament are
formed only when the filament is end on with respect to the shock front

(i.e. orientated at 6 = 90°);

(iii) An increase in the cloud density contrast hastens the destruction of the
cloud through the increased presence of turbulent instabilities located
on the filament surface. As the density contrast increases, so does the

amount of turbulence;

(iv) Low shock Mach numbers restrict the filament from fragmenting, thus

significantly prolonging its life.
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» Perpendicular/oblique fields:

(vi) Even if the filament is end on with respect to the shock front, filaments in
a perpendicularly/obliquely-orientated magnetic field do not form flux

ropes;

(vii) Compared with parallel-orientated fields, perpendicular/oblique fields
shield the filament to a degree from the surrounding flow, allowing the
filament lifetime to be considerably extended. The filament is more

greatly confined by the field and maintains a higher average density;

(viii) Filaments are more rapidly accelerated to the velocity of the post-shock

flow due to the effects of the magnetic pressure and field line tension;

(ix) An increase in the filament density contrast does not initiate large turbu-

lent instabilities, compared to the case of a parallel field;

(x) A combination of a mild (e.g. M = 1.5) shock and a perpendicular/oblique
field allows the filament to survive almost intact for a considerable length

of time.

The work presented in this Chapter is difficult to apply observationally since
the adiabatic simulations do not include realistic physical processes such as thermal
conduction, radiative cooling, and self-gravity. Future work should include the
effects of radiative cooling, and should also compare synthetic observations of such
simulations with actual observations in order to present a more complete picture
of the evolution of filaments in the ISM. It should be noted that Banda-Barragan
et al. (2016) explored the effects of using a quasi-isothermal equation of state to
approximate the effect of radiative cooling in MHD wind-cloud simulations and
found that this led to significantly longer cloud lifetimes compared to the adiabatic
case; a comparison with isothermal shock-filament interactions (see Chapter 6)

would, therefore, be of interest.
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Chapter 4

A comparison of shock-cloud and
wind-cloud interactions: the longer

survival of clouds in winds

4.1 Introduction

The coupling of stellar feedback processes (stellar winds, ionising radiation, shock
waves from SNRs, etc.) with clouds can produce superficially-similar dynamical
effects. Pittard et al. (2009) noted that clouds with a high density contrast were able
to survive the passage of a shock and would then be immersed in a post-shock flow
that would resemble a wind with the same Mach number. Since the simulation of
a hot, high-velocity wind can therefore be thought of as resembling a post-shock
flow, many wind-cloud papers are highly pertinent to the shock-cloud scenario, and
vice-versa. Although both wind-cloud and shock-cloud interactions have been well
studied, there exists, to my knowledge, no direct comparison of the two processes in
the literature. This, therefore, forms the motivation for this chapter.

With respect to the survivability of clouds, Scannapieco and Briiggen (2015)

noted that in the hydrodynamic, adiabatic situation only the initial cloud radius
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determines the distance over which clouds can travel. The authors found that the
distances over which the clouds were able to travel would enable them to arrive
at a few kpc from the driving region (observations have shown these to be typical
distances when clouds are seen in absorption against the starbursting host galaxy
(see e.g. Heckman et al., 2000; Pettini et al., 2001; Soto and Martin, 2012)). These
clouds would therefore require a distinct density (as opposed to the cloud mass being
smoothed out and mixed into the flow) in order to be observed in this way. Absorption
line observations using background galaxies and quasars have in fact revealed that
clouds may travel distances on the order of ~ 100 kpc or more (Bergeron 1986;
Lanzetta and Bowen 1992; Steidel et al. 1994; Steidel et al. 2002; Steidel et al. 2010;
Zibetti et al. 2007; Kacprzak et al. 2008; Chen et al. 2010; Tumlinson et al. 2013;
Werk et al. 2013; Werk et al. 2014; Peeples et al. 2014; Turner et al. 2014). This is

extremely challenging for current theoretical models.

In this chapter, I investigate a 2D hydrodynamical, adiabatic wind-cloud inter-
action and compare the results to those of a shock-cloud simulation using similar
initial parameters. I then incrementally increase the velocity of the wind to increase
its effective Mach number and explore the impact this has on the evolution of the

cloud.

The outline of this chapter is as follows: in § 4.2 I introduce the initial conditions.
In § 4.3 I present the results of the simulations. A brief discussion of the relevance
of my work in terms of Mach scaling and the longevity of the cloud can be found in

§ 4.4. § 4.5 summarises and concludes.

4.2 The numerical setup

The computations in this chapter were performed using the MG HD code, details of

which can be found in Chapter 2.

114



4.2 The numerical setup

4.2.1 Initial conditions

All simulations were performed on a two-dimensional RZ cylindrically-symmetric
grid at an effective resolution of Rj>g (where the subscript denotes the number of
cells per cloud radius on the finest grid), which has been found to be the minimum
necessary for key features in the flow to be adequately resolved and for the morphol-
ogy and global statistical values to begin to show convergence (e.g. Mac Low et al.
1994; Niederhaus 2007; Pittard et al. 2009; Pittard and Parkin 2016). Nine grid levels
(G° to G®) are used for calculations requiring the finest grid. I measure all length
scales in units of the cloud radius, r., where r. = 1, whilst velocities are measured
in terms of the shock speed through the background medium, v, (v, = 13.6, in
computational units). Measurements of the density are given in terms of the density
of the background medium, p,mp, while those of the pressure are given in terms of
the ambient medium pressure, P, (see § 3.2.1.1 for the values of these latter two
quantities). The numerical domain is set to be large enough so that the main features
of the interaction occur before cloud material reaches the edge of the grid. Table 4.1

details the grid extent for each of the simulations.

I make the following assumptions in order to maintain simplicity: the cloud has
an adiabatic equation of state (with ¥ = 5/3) and I ignore the effects of thermal
conduction, magnetic fields, self-gravity, and radiative cooling. My assumption
of adiabacity is consistent with the small-cloud-limit, whereby the cloud-crushing
time-scale is much shorter than the cooling time-scale (cf. Mac Low et al. 1994).
Non-radiative interactions between shocks/winds and clouds are expected in the
ISM (McKee and Cowie, 1975). I further justify my simplified set-up by noting that
my primary goal is to provide an initial comparison of shock-cloud and wind-cloud
simulations and the similarities/differences between the two types of interaction are
better isolated without the introduction of additional processes. I do not, therefore,

concern myself at this stage with the detail of the processes which led to the cloud

115



A comparison of shock-cloud and wind-cloud interactions: the longer survival
of clouds in winds

being embedded in the wind, nor with the effects of additional processes (e.g.
radiative cooling) on the interaction. It should, however, be noted that 3D calculations
are necessary in future work and that they are expected to produce slightly different
morphologies and statistical values once non-axisymmetric instabilities become
important at late times (e.g. t > 5t.., Pittard and Parkin, 2016). More realistic 3D

comparative studies that include radiative cooling should be considered in the future.

4.2.2 The shock-cloud model

My reference simulation is the shock-cloud model clshock (see § 4.3 for the model
naming convention). The simulated cloud is an idealised sphere and is assumed to
have sharp edges which maximises the growth of KH instabilities and sets a lower
limit to the cloud’s lifetime (see e.g. Nakamura et al. 2006; Pittard and Parkin 2016
for a discussion of how cloud density profiles affect the formation of hydrodynamic
instabilities), in contrast to previous shock-cloud studies that used a soft edge to the
cloud (e.g. Pittard and Parkin 2016), and is initially in pressure equilibrium with
the surrounding stationary ambient medium. The simulations are described by the
shock Mach number, Mok = 10, and the density contrast between the cloud and
the stationary ambient medium, ¥ = 10. The shock-cloud simulation begins with the
shock initially located at z = 1 (the shock propagates in the negative z direction) and

the cloud is centred on the grid origin r, z = (0,0).

The post-shock! density, pressure, and velocity for the shock-cloud case relative
to the pre-shock ambient values and to the shock speed are p;/yind /Pampb = 3.9,

Ppgjwind/ Pamb = 124.8, and v, /yina/vs = 0.74, respectively.

IT use the subscript ps/wind to denote quantities related to either the post-shock flow or the wind.
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4.2.3 The wind-cloud model

In order to simulate a wind-cloud interaction, I begin by removing the initial shock
and fill the domain external to the cloud with the same post-shock flow properties.
At the start of the simulation, the cloud is instantly surrounded by a wind of uniform
speed and direction, in line with previous wind-cloud studies (e.g. Banda-Barragin
et al. 2016). Since this is an idealised scenario as a first step towards more realistic
simulations, I simplify the initialisation of the wind and make the following assump-
tions: a) the wind is associated with the post-shock flow properties of the shock-cloud
model (i.e. I simulate a mildly supersonic wind using exactly the same post-shock
flow conditions as used in the shock-cloud model) and b) that it completely surrounds
the cloud at time zero. My aim is to provide comparable initial conditions for both
interactions before any of the wind parameters are changed. This means that the
cloud is initially under-pressured compared to the wind. Astrophysically, this implies

that the wind switches on rapidly.

Although the initial cloud density is the same in both the shock-cloud and wind-
cloud simulations, the density contrast between the cloud and the wind in the latter
case (x') is given by factoring off the value of the post-shock density jump from the

value of x, i.e. x' = x/3.9 (see § 4.2.2).

In addition to the parameters described in § 4.2.2, the wind-cloud simulations

are also described by the effective Mach number of the wind, M, /ying, given by

1% :
ps/wind
M ps/wind —

4.1)

)
Cps/wind

where ¢ g /wind = 4/ y% is the adiabatic sound speed of the post-shock flow/wind.
For the initial wind-cloud simulation (model c1wind1), M /yinq = 1.36. Since the
initial, unshocked cloud pressure is equal to Pymp, and Pamp <K Py /wing» the cloud

does not start off in pressure equilibrium with the wind and is thus under-pressured
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Table 4.1 The grid extent for each of the simulations (see § 4.3 for the model naming
convention). M, ing refers to the effective Mach number of the post-shock flow/wind. The
unit of length is the initial cloud radius, r..

Simulation M /yind R zZ
clshock 1.36 O<R<10 -200<Z<5
clwindl 1.36 O0<R<20 —-400<Z<10

clwindla 4.30 O0<R<20 —-400<Z<10
clwindlb 13.6 0<R<20 -500<Z<10
clwindlc 43.0 0<R<20 -500<Z<10

with respect to the flow. Over the course of one cloud-crushing time-scale the cloud
pressure increases until it is equal to or slightly greater than the pressure of the
surrounding wind. It should be noted that the wind can travel a long way in the
‘cloud-crushing time’ due to the high density contrast of the cloud. This is a different
set-up to other wind-cloud studies (e.g. Schiano et al. 1995) where the simulations
begin with the cloud already in approximate ram pressure equilibrium with the wind,
but is necessary in order to allow a more direct comparison to my shock-cloud

simulation.

The value of the wind velocity, v, /wing, 1S given in § 4.2.2. In order to explore
the effect of an increasing Mach number on the interaction, the velocity of the flow,
Vps/wind» 18 Increased by factors of v/ 10, +/100, and +/1000 in order to increase

M s /wing- Values of the wind Mach number are given in Table 4.1.

4.2.4 Global quantities

The various global quantities used to follow the evolution of the interaction are
described in § 3.2.1.2. In this chapter, I define motion in the direction of wind/shock
propagation as “axial” (the wind/shock propagates in the negative z direction), whilst
motion perpendicular to this is termed “radial”. In order to measure the shape of the

cloud, the effective radii of the cloud in the radial (a) and axial (¢) directions are
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defined as )
1/2
- (§<r2>> ,e=[5(() - @M. (42)

4.2.5 Time-scales

Time zero in my calculations is taken to be the time when the shock is level with the
leading edge of the cloud, in the shock-cloud case, whilst for the wind-cloud case
the simulation begins with the cloud immediately surrounded by the flow. For the
shock-cloud simulation, I use the characteristic time-scale for a cloud to be crushed
(the “cloud-crushing time”; see Eq. 3.10) given by Klein et al. (1994) whilst for the
wind-cloud simulations I redefine this time-scale in terms of the velocity of the wind

flowing past the cloud (v,y; /wina)»

C 7T
foo = SV (4.3)

where the constant C is given by the ratio of the post-shock flow/wind velocity to
the velocity of the shock through the unshocked medium, v, /y,ing /vp.2 The value of
the constant depends on the value of the shock Mach number (M, = 10 in this
chapter) used in the shock-cloud simulation, against which the wind simulations are
compared. Thus, for my initial shock and wind simulations, models clshock and
clwind1, the value of C = 0.74 and is specific to this Mach number and my adopted
value of y. The value of C is also dependent on the value of v, /,,;,¢ Which, in my
later wind-cloud models, is varied, resulting in differing values of C. Therefore, 7.,
also varies depending on the particular simulation under consideration. Values for
the cloud crushing time for each simulation are given in Table 4.3. Several other

time-scales are also available, and are described in § 3.2.1.3.

Note that in some wind-cloud studies, .. is defined slightly differently (e.g. Jones et al. 1996;
Banda-Barragan et al. 2016).
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4.3 Results

In this section I present the results from the various simulations. I begin with a brief
examination of the interaction of a shock with a cloud in terms of its morphology
and then, maintaining the same initial parameters, compare this to the interaction of
a wind with a cloud. I then consider in detail the interaction of clouds with winds
of increasing Mach number. At the end of this section I consider the impact of the
interaction on various global quantities.

I adopt a naming convention for each simulation such that clshock refers to a
shock-cloud simulation with ¥ = 10. Models with wind1a — c in their title indicate

wind-cloud interactions of increasing wind Mach number.

4.3.1 Stages

The purely adiabatic evolution of a cloud struck by a shock propagating in the —z
direction is characterised by four main stages (see e.g. Pittard et al., 2009; Pittard and
Parkin, 2016): (1) the cloud is struck by the shock, causing a transmitted shock to

1/2 through the cloud, while a bow shock (or bow wave)

travel at a velocity vy = v, /%
is formed upstream and the incident shock diffracts around the cloud; (2) the cloud
undergoes compression in the z direction (on the whole) by both the transmitted shock
and also a shock driven into the back of the cloud due to a dramatic pressure jump
as the external shock is focussed onto the axis; (3) the cloud reaches the expansion
stage where, under high pressure, it expands in the radial and axial directions; and
(4) the cloud is finally destroyed and mixed with the post-shock flow.

In the case of a wind-swept cloud, stages 1-4 remain essentially the same. How-
ever, since the cloud immediately begins interacting with the flow, Banda-Barragan
et al. (2016) divided the stages for a wind-cloud scenario thus: 1) compression,

including the transmission and reflection of shocks within, and external to, the cloud;

2) stripping; 3) expansion; and 4) break-up. They noted that the stripping phase

120



4.3 Results

(when cloud material begins to flow downstream and wraps around the cloud, con-
verging on the axis behind the cloud) occurs at all times, but is more dynamically

important up to t ~ 1.31..

4.3.2 Shock-cloud interaction

I begin by examining the morphology of the interaction for the shock-cloud scenario,
where M = 10 and )} = 10 (simulation clshock). The shock is initially located at
z=1 (i.e. level with the leading edge of the cloud).

Figure 4.1 (top panels) provides logarithmic density plots of the rz plane as a
function of time for the shock-cloud case. The evolution of the cloud broadly follows
the above stages. The shock initially strikes the cloud on its leading edge, sending
a transmitted shock through the cloud whilst the external shock is bent around the
edge of the cloud as it moves downstream. The external shock becomes level with
the centre of the cloud at r ~ 0.32¢... A bow shock is visible upstream of the cloud.
The first three upper panels of Fig. 4.1 relate approximately to the first two stages of
evolution, which lasts until # ~ #... The external shock sweeps around the cloud and
becomes focussed on the r = 0 axis. A region of higher pressure forms downstream
behind the cloud due to the convergence of this shock on the axis and this serves
to drive secondary shocks back through the cloud towards its leading edge. These
secondary shocks create additional waves and shocks upstream of the cloud (note the
faint secondary shock front just ahead of the cloud in the upper panel at t = 2.07.. in
Fig. 4.1) when they exit the leading edge of the cloud, accelerating as they do so.

At t ~ 1.61.. the transmitted shock has exited the back of the cloud and ac-
celerates into the downstream gas. This action initiates a rarefaction wave which
propagates in the upstream direction. The secondary shocks deposit vorticity as
they progress back through the cloud. This deposition begins to disrupt the smooth

morphology of the cloud, forcing the right-hand edge of the cloud upwards and
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leading to a modest expansion of the cloud in the transverse direction. At the same
time, a supersonic vortex ring forms downstream of the cloud on the r = 0 axis. In a
similar manner to e.g. Pittard et al. (2009) and Pittard and Parkin (2016), the cloud
exhibits a low-density interior surrounded by a thick, high-density shell (see upper
panel at r = 1.6¢.. in Fig. 4.1). Att ~ 2.0¢.., the shell begins to collapse. Cloud
material is now ablated by the surrounding flow and shear instabilities at the side of
the cloud result in a “rolling-up” of cloud material in the transverse direction - over
time this becomes shredded into long strands by the action of KH instabilities on the
surface of the cloud. In addition, there is some circulation of the flow on the axis
behind the cloud which serves to strip material from the rear of the cloud, allowing
it to mix in with the flow. After r ~ 3.3¢.., a long, turbulent wake forms on the axis

downstream of the cloud, and the cloud is quickly ablated.

4.3.3 Wind-cloud interaction

4.3.3.1 Comparison of wind-cloud and shock-cloud interactions

Figure 4.1 (bottom panels) shows logarithmic density plots of the rz plane as a
function of time for the wind-cloud case with Myj,q = 1.36 and } = 10 (simulation
clwind1). The velocity, density, and pressure of the wind are exactly the same as the
post-shock values in simulation c1shock (i.e. the cloud is surrounded by ‘post-shock’
material). Hence, the density jump between the cloud and the wind is given by x /3.9
(see § 4.2.2).

The morphology of the cloud and its evolution share some broad similarities
with the shock-cloud case (e.g. both clouds form dense shells surrounding lower
density interiors, both are squeezed in the radial direction, and both are eventually
drawn into long, filamentary wakes in the axial direction), but there are also some

key differences.
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Fig. 4.1 The time evolution of the logarithmic density for models (top) c1shock and (bottom)
clwindl. The greyscale shows the logarithm of the mass density, from white (lowest density)
to black (highest density). The density in this and subsequent figures has been scaled
with respect to the ambient density, so that a value of O represents the value of p,np and 1
represents 10 X p,mb, and the density scale used for this figure extends from O to 1.7. The
evolution proceeds left to right with t = 0.437..,t = 0.82¢,,t = 1.2, t = 1.6¢.., t = 2.01,,,
and r = 3.3¢... The r axis (plotted horizontally) extends 3 r. off-axis in each plot. All frames
in the top and bottom sets show the same region (—5 < z < 2, in units of r.) so that the
motion of the cloud is clear. Note that in this and similar figures the z axis is plotted vertically,
with positive towards the top and negative towards the bottom.
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Firstly, there are clear differences in the behaviour of the external medium. Since
the simulation begins with the marginally supersonic wind completely surrounding
the cloud, a small lower-density, lower-pressure region is immediately formed on
the axis downstream of the cloud (as also noted by Marcolini et al. 2005; Banda-
Barragdn et al. 2016). This feature is not present in the shock-cloud case and is
formed by the initial motion of the wind removing gas from around the rear of
the cloud. The low-pressure region is eventually carried downstream of the cloud,
allowing an area of higher pressure to form behind the cloud (though not in quite the
same manner as in the clshock simulation).

Secondly, whilst the cloud is strongly compressed into the shape of an oblate
spheroid in the shock-cloud case, the cloud in the wind-cloud case suffers much
less compression in the axial direction, particularly during the initial stages of the
interaction, and maintains a more rounded shape. While the leading edge of the
cloud undergoes much less compression compared to the shock case, the rear of the
cloud is clearly being pushed upwards by the action of a shock driven into the back
of the cloud. Plots of the logarithmic pressure (not shown) indicate that a region of
high pressure occurs at the leading edge of the cloud in both models, while the back
of the cloud remains at a relatively lower pressure in model clwind1 compared to
clshock. In their study of a wind-cloud interaction with My,ing = 10 (i.e. a higher
wind Mach number than used in my model clwind1), Schiano et al. (1995) noted
generally that when a free-flowing wind encounters a 2D spherical cloud and passes
through the bow shock, the wind is compressed, decelerated, heated, and channelled
around the cloud. As the shocked gas is accelerated around the periphery of the
cloud and rejoins the wind flow along the cloud flanks, the gas pressure is lowered,
and there is therefore a commensurate decrease in cloud pressure with increasing
distance from the cloud apex; this is similar to the situation in model clwind]1.

There are also clear differences between the two simulations in terms of the

initial transmitted shock driven through the cloud. In model c1shock, the shock is
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reasonably flat as it progresses through the cloud, whereas it is much less flat in
model clwind1 (cf. both panels at t = 0.43¢.. and t = 0.821¢.. in Fig. 4.1) and curves
around the edge of the cloud. As in the shock-cloud case, secondary shocks driven
back into the cloud lead to the formation of shocks/waves upstream of the cloud,
though in model clwind1 these are slightly more pronounced (e.g. at t = 2.0%..).
Att = 2.81., the cloud, which has developed a dense shell surrounding a less
dense interior, collapses at a slightly later time than in the shock-cloud case. Even-
tually the cloud takes on a very similar morphology to that in model clshock from
t ~ 3.3t.. onwards, when it is drawn into a long wake in the axial direction (not

shown).

4.3.3.2 Effect of increasing My,,q on the evolution

Figure 4.2 shows the time evolution of the logarithmic density for models clwindla,
clwind1b, and clwind1c, where the wind has an increasing Mach number (Mying =
4.3, 13.6, and 43, respectively). As can be seen from a comparison between Fig. 4.2
and the lower panels of Fig. 4.1, there are a large number of differences between
these simulations and clwind1 (where Mynq = 1.36).

Firstly, as the effective Mach number of the wind increases, the region of low
pressure behind the cloud becomes a very low-pressure cavity, is highly supersonic,
and expands rapidly in the direction of wind propagation, becoming elongated as it
does so. Unlike the initial wind-cloud interaction described above (c1wind1), these
cavities do not move away from the rear of the cloud, and because they are of a much
lower pressure than the region in clwind1 they are far more pronounced.

Secondly, a transmitted shock moves inwards from the back of the cloud in
clwind1 but not in the higher M,,;,; simulations. Whilst the wind flow around the
cloud in model clwind]1 is focussed around the cloud flank and onto the r = 0O axis,

in models clwind1b and clwind1c the flow is much more linear and suffers very
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little deflection at the back of the cloud. Because of this, there is no dramatic pressure
jump behind the cloud and this helps prevent a transmitted shock being driven into
the back of the cloud.

Thirdly, it is noticeable that the density jump at the bow shock and the stand-off
distance between the bow shock and the leading edge of the cloud both change
according to the Mach number (see Table 4.2). As the Mach number of the wind
increases, the density jump increases towards the high Mach number limit and the
stand-off distance between the bow shock and cloud decreases (see Farris and Russell
(1994) for a discussion of the factors affecting the stand-off distance). The higher
post-shock pressure behind the bow shock causes the leading edge of the cloud to
be pushed slightly further downstream in the higher Myj,q simulations, compared
to clwindl. The normalised velocity of the shocked gas around the edge of the
cloud is also reduced due to the higher compression at the bow shock. The nature
of the transmitted shock propagating through the cloud also changes, becoming
initially much flatter as the Mach number increases, more akin to the shock-cloud
case. All of this serves to compress the cloud in the axial direction, lending it an
oblate spheroid shape similar to the cloud in model clshock, rather than the more
rounded morphology evident in model clwind1. Although the shape of the cloud in
all the wind-cloud simulations with higher values of Myi,q 1s similar, compared to
that in model clwind]1, it is noticeable that the cloud in model c1wind1la becomes
more kinked on its leading edge with the kink resembling the beginnings of a finger
of cloud material moving in the +z direction, and that the development of this kink
is different, compared to models clwind1b and clwind1c where the kink is more
curled and resembles a KH instability (cf. final two panels in each set of Fig. 4.2).
The effect of this kink on the lifetime of the cloud is discussed in § 4.3.4.1

It should be noted that the cloud morphology and statistics in simulations
clwind1b and clwind1c are very similar (as expected from Mach scaling - cf. Klein

et al., 1994; Pittard et al., 2010).
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Table 4.2 Values of the density jump and bow shock stand-off distance (in units of r.) for
each of the simulations.

Simulation Density jump Stand-off distance

clshock 1.53 1.72
clwindl 1.53 1.72
clwindla 3.44 1.32
clwindlb 3.94 1.28
clwindlc 3.99 1.28

Figure 4.3 shows the density, advected scalar k, and advected scalar x density
for model clwindlc at late times (i.e. t = 461, and t = 1011¢..). It can clearly be
seen that the cloud has yet to be smoothed out into the flow and shows some evidence
of structure along with a distinct cloud edge. Compared with the lower panels in
Fig. 4.2, which show the cloud during the initial stages of the evolution, the cloud in
Fig. 4.3 has expanded supersonically into the flow and formed a tail-like structure.
Although the cloud is not highly dense at late times, we can infer that it, nonetheless,
shows evidence of long-term survival, something that has not been observed in

previous wind-cloud studies.

4.3.4 Statistics

I now explore the evolution of various global quantities of the interaction for both the
shock-cloud and wind-cloud models. Figure 4.4 shows the time evolution of these
key quantities, whilst Table 4.3 lists various time-scales taken from these simulations.

The following subsections present a more detailed discussion of these statistics.

4.3.4.1 Cloud mass

Panel (a) of Fig. 4.4 shows the time evolution of the core mass, mcoe. The core
mass decreases as a result of cloud material being ablated by, and mixed into, the
surrounding flow. It is clear that models clshock and clwind1 share a similar trend

in terms of their rate of mass loss, until around two fifths of their core mass has
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Fig. 4.2 The time evolution of the logarithmic density for models (top) clwindla, (middle)
clwind1b, and (bottom) clwind1c. The greyscale shows the logarithm of the mass density,
scaled with respect to the ambient medium. The density scale used in this figure extends
from O to 1.7. The evolution proceeds left to right with t = 0.72.., t = 1.3¢.., t = 1.9¢,,
t =2.6tc,t =3.2t,, and t = 5.2t,.. The r axis (plotted horizontally) extends 3 r. off-axis
in each plot. The first 5 frames in each set show the same region (—5 < z < 2, in units of r;)
so that the motion of the cloud is clear. The displayed region is shifted in the last frame in
each set (—7 < z < 0) in order to more fully show the cloud.
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Fig. 4.3 The time evolution of the linear density (left), advected scalar k¥ which identifies
only the cloud material (middle), and advected scalar x linear density which allows the
density of only the cloud to be shown (right) for model clwind1c. The greyscale shows
the mass density, scaled with respect to the ambient medium. The density scale used in
the left-hand panels of this figure extends from O to 9.7 in the upper panels and 0 to 7.0 in
the lower panels. The colour scale in the middle frames extends from dark blue (ambient
material) to red (cloud material). The scale used in the right-hand panels extends from O
to 1 (the ambient medium has a density of 1, but an advected scalar of 0, in this plot). All
of the top panels are at t = 46.0¢.., whilst all the bottom panels are at t = 101.4¢... The r
axis (plotted horizontally in each frame) extends 12 r, off-axis in the top set of frames and
161, off-axis in the bottom set of frames. All frames in the top set show the same region
(—115 < z < —85, in units of r,.) whilst all frames in the bottom set show —250 < z < —210.
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Table 4.3 A summary of the cloud-crushing time, 7. for a cloud with ¥y = 10 and r, = 1 (see
Eqn. 4.3 re the calculation of #..), and key time-scales, in units of 7., for the simulations
investigated in this work. Note that the value for 74, given here is calculated using the
definition given in § 6.3.2, in comparison to the values shown in Fig. 4.5 which were
calculated using the definition given in Pittard et al. (2010) in order to compare with the
values of 74, presented in that paper.

Simulation tee fdrag  Imix Hife

clshock 0233 235 6.72 23.0
clwindl 0.233 334 6.12 129
clwindla 0.074 388 133 35.7
clwindlb 0.023 378 235 969
clwindlc  0.0074 4.28 25.6 136.0

been lost (both models have a much steeper rate of mass loss, at least until ¢ ~ 81,
than the models with higher values of Myinq). This is surprising considering that the
clouds in these simulations initially evolve very differently; for example, the passage
of the shock through the cloud, the degree of compression of the cloud, and the
presence or otherwise of a low-pressure region behind the cloud are different between
the two simulations, leading to a difference in cloud morphology. In contrast, models
clwind1b and clwindl1c display very shallow curves which are almost coincident.
This reduced rate of mass loss may be due to the lack of a transmitted shock being
driven into the back of the cloud (in contrast to models clshock and clwindl), as
well as reduced circulation of the flow on the axis behind the cloud as My,;,q increases.
In addition, the normalised wind velocity (in units of vy,q) is reduced around the
cloud flank due to the increased compression at the bow shock. Thus, there is less

stripping of material from the rear of the cloud compared to lower Myi,q simulations.

Interestingly, model clwindla appears to bridge the two groups: it is initially
slow to lose mass (as per the other high My,;,q models), but between ¢ ~ 10 — 201, its
rate of mass loss gradually becomes comparable to that of the clshock and clwind1
simulations. In simulations clwindla — c, a prominent “kink” develops on the
leading edge of the cloud; this feature is not evident in Figure 2 of Pittard and Parkin

(2016) but the difference may be attributable to the fact that I used a hard edge to
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my cloud which is more conducive to the growth of such instabilities. A similar
kink is present in the adiabatic cloud modelled in Marcolini et al. (2005). This kink
allows a greater expansion of the cloud in the radial direction (i.e., dcjoug increases) at
later times compared to models clshock and clwind1. The kink develops differently
between models clwindla and clwind1b/c, and the radial expansion of the cloud
in model clwindla occurs earlier than that of the latter two models. This means that
the subsequent mixing and ablation of cloud material by the flow takes place earlier

than in models clwind1b and clwindlc.

Pittard and Parkin (2016) showed that the mixing time, #,,jx, for a spherical cloud
struck by a Mach 10 shock was ~ 61, and increased as the value of the shock
Mach number was reduced. Table 4.3 shows that the two models with similar initial
parameters (clshock and clwind1) have roughly similar mixing times. However,
for winds of increasing Mach number the value of t,,ix increases until near to the
high Mach number limit (when M, /ying < 10). As before, this is due to the less
effective stripping of cloud material by the flow around the edge of the cloud as
My,ing increases. It is surprising, however, to find that the normalised mixing time is
5 times longer for clouds in winds than for clouds hit by shocks in the high Mach

number limit.

4.3.4.2 Cloud velocity

Figure 4.4(b) shows the mean velocity of the cloud in the direction of propagation of
the shock/wind, normalised by the post-shock/wind velocity. The clouds in models
clshock and (from t ~ 41..) clwind1 show slightly faster acceleration towards the
asymptotic velocity, with the cloud in clwindl being accelerated to the velocity
of the background flow much more quickly than in the other wind simulations. In
addition, in model clshock (and to a much lesser extent clwind1), the cloud exhibits

a “two-stepped” acceleration at t ~ 4f... This coincides with the beginning of a
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‘plateau’ region. At this point, the cloud undergoes significant stretching in the axial
direction until  ~ 81, (the approximate end of the plateau region), when most of the
core material has been ablated and the remaining less dense and filamentary structure

is again accelerated by the flow up to the asymptotic velocity.

The acceleration of the cloud in model clwindla is initially smooth until ¢ ~
15¢.. (at which point the cloud begins to form long strands), but then fluctuates
slightly about the velocity of the wind. The clouds in models clwind1b and clwind1c
undergo the smoothest acceleration because of the reduction in the growth of turbu-
lent instabilities on the cloud surface, and again are almost identical in behaviour

(due to Mach scaling).

4.3.4.3 Centre of mass of the cloud

The distance travelled by the cloud before it becomes fully mixed into the flow is
reflected by the movement of the cloud centre of mass. The time evolution of the
position of the centre of mass of the cloud in the z direction, normalised by the initial
radius of the cloud, is given in Fig. 4.4(c). It is clear that the post-shock flow or
wind can transport cloud material over large distances. Up until ¢t ~ 21, there is
not a great deal of movement in the direction of the flow (the centre of mass has
only moved 0.8 — 1.8r.). However, by t = 12¢.. the clouds have been displaced
by 15 — 20 times the initial cloud radius. Over much longer time spans (e.g. up to
t =301, as in Fig. 4.4(c)), the cloud displacement shows greater variation between
models, with the centre of mass of the cloud in models c1shock and c1wind1 showing
considerably more movement. However, there is much less variety in displacement
among all the higher wind Mach number simulations, indicating that movement in
the axial direction is not strongly dependent upon My,i,q in these cases (as expected
with Mach scaling). Figure 4.4(c) also shows the displacement of each cloud at

t = tmix- Clearly, the distance over which the cloud has moved by the time its core
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mass has been reduced by half increases dramatically according to the Mach number,
with the cloud in model clwind1c having moved by 47, at f,,jx (compared to 87,
for the cloud in model clwind1). This indicates that clouds in higher Mach number

winds can travel significant distances before being fully mixed into the flow.

4.3.4.4 Cloud shape

Figures 4.4(d)-(f) show the time evolution of the effective cloud radii, a and ¢, and
their ratio. The radial dimension of the cloud, a¢ouq, decreases slightly during the
initial compression phase as the cloud is squeezed in the axial direction, but then
increases sharply as the cloud undergoes expansion. Model clwind1 shows the
steepest increase, reaching a maximum value for acjouq of ~ 2.8, att = 5.91. as
the cloud material is squeezed in the radial direction by the various shocks within
and around the cloud, and then decreasing gently as the cloud material is drawn
along the axis behind the cloud and gradually mixed into the flow. Model c1shock
follows a similar trend, though it reaches its peak expansion of 1.8 r, at a slightly

earlier time (t = 4.41..).

The clouds in models clwind1b and clwindlc show completely different be-
haviour, with a more smoothly increasing expansion over time as Myj,q increases,
rather than an initial peak. The cloud in model clwind1a, as noted earlier, displays
traits of both behaviours since it shows a slight initial increase before plateauing and
then gently increasing again, eventually peaking at an effective radius of 2.2r, at
t =19.51¢..

Since the cloud in simulation c1shock rapidly becomes elongated in the axial di-
rection after the initial compression of the cloud, the values of ¢¢joug and ccloud/dcloud
steadily increase over time until  ~ 17¢.. when they level out. The cloud in simula-
tion clwind1, in contrast, shows a much less steep increase in ccjoug and ccjoud /deloud-

However, the ratio of cloud shape, ccioud/dcloud, Shows a much higher value for the
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cloud in model clwind1, reaching a value of 26 at t = 97¢.. (not shown) while that
for model clshock reaches a high of 8.5 at t = 551,.. This is in line with Klein et al.
(1994), who noted that the combined effect of the lateral expansion associated with
the Venturi effect and the axial stretching due to the stripping of material from the
side of the cloud led to a much larger cloud aspect ratio for a wind-swept cloud, in
comparison to the case of a cloud struck by a shock.

Similar to the above, models clwind1b and clwind1c show a steady increase
in both c¢joug and cejoud/dcloud (With the plots having very similar profiles for both
clouds). In contrast to model clwind1, the clouds in these two simulations have
maximum aspect ratios of 11.3 (at r = 2211¢..) and 4.4 (¢t = 2141..) (not shown),
respectively, which do not follow the behaviour predicted by Klein et al. (1994).
The cloud in model clwind1a shows different behaviour, again, with an initial peak
around ¢ ~ 10 — 121, for both c¢jouq and ccioud/dcloua before levelling off. The peak

value for the aspect ratio is 16 at t = 79¢,..

4.3.4.5 Time-scales

Figure 4.5 shows the Mach dependence of f4re and fix. These two time-scales
are useful indicators of the evolution and destruction of the cloud. In previous
shock-cloud studies (e.g. Pittard et al., 2010; Pittard and Parkin, 2016), values of
ldrag and fyix for a given y were relatively constant at Mach numbers > 4 (due to
Mach scaling), while at lower Mach numbers 745, and 7,ix both increased sharply.
With the wind-cloud simulations, however, it can be seen that the values for i
increase sharply and nearly linearly (at least for Myi,g < 10) as the Mach number
increases. The values for 74r,; for the wind-cloud simulations, meanwhile, are
relatively constant within the range 2.0 — 2.2, (using the definition of 74, found in

Pittard et al., 2010).> Within this range the cloud in model clwind1 has the lowest

3The calculations performed in Pittard et al. (2010) (against which I compare my results in Fig. 4.5)
used the k-€ turbulence model. In order to ensure that the use of this model had no significant impact
on my results, I re-ran my wind simulations using the values for the k-€ model employed in Pittard
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Fig. 4.4 Time evolution of (a) the core mass of the cloud, m¢ee, (b) the mean velocity of
the cloud in the z direction, (v,), (c) the centre of mass in the axial direction, (zcioud), (d)
the ratio of cloud shape in the axial and transverse directions, ccjoud/dcioud, (€) the effective

transverse radius of the cloud, acioug, and (f) the effective axial radius of the cloud c¢jgug-

Note that panel (a) shows the evolution on an extended time-scale compared to the other
panels. Panel (c) also shows the position of each cloud at t = #,,ix (indicated by the respective

coloured crosses).
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value for f4r,e, indicating faster acceleration, and that in model clwind1c has the
highest value (slower acceleration), which fits in with the results of Scannapieco and
Briiggen (2015) who showed that the acceleration of clouds in galaxy outflows was
smaller for higher Mach numbers. While the lack of a shock driven into the back of
the cloud in the higher wind Mach number simulations would aid the acceleration of
the cloud, it is probable that this effect is superseded by the reduction in the stand-off
distance leading to greater compression at the bow shock and a reduction in the
normalised wind velocity around the edge of the cloud.

Figures 4.4(a) and 4.5(b) show that the mixing of the core is more efficient at
lower wind Mach numbers. At lower Myin4, the growth of KH instabilities is more
important and the post-bow shock velocity of the wind around the cloud flanks is
greater. At higher My,ing, tmix levels off at ~ 25¢.., indicating that Mach scaling is
obtained.

Figure 4.5 shows that the “inviscid” and “k-€” models generally have comparable
ldrag @nd fmix time-scales, indicating that the level of “ambient” turbulence in the
latter has little effect on the cloud evolution (higher values are required - see Pittard
et al. (2009) and Goodson et al. (2017)). Instead, one sees much larger differences
in Z4rae and f,ix between the shock-cloud and wind-cloud cases, indicating that the

nature of the background flow is important.

4.4 Discussion

The interaction of both shocks and winds with clouds is of great importance in terms
of understanding the nature and evolution of the ISM. Shock-cloud and wind-cloud

interactions have been studied numerically but there has been no direct comparison

et al. (2009, 2010) (use of these specific values is important since the strength of turbulent mixing
depends on the initial values of k and € - see Pittard et al. (2009) and Goodson et al. (2017)). I also
calculated a non-k-€ model shock-cloud simulation at a shock Mach number of 40. These additional
values have been included in Fig. 4.5 in order to show clearly the differences between wind-cloud
and shock-cloud simulations.
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Fig. 4.5 (a) Cloud drag time, #4,4,, (gold diamonds) and (b) mixing time of the core, #;y,
(pink diamonds) as a function of the wind Mach number for the wind-cloud simulations. The
time-scales for all wind-cloud simulations in this chapter which were re-run using the k-€
turbulance model are also shown (gold and pink crosses for panels (a) and (b), respectively.
Note that these simulations were run at a slightly lower resolution of Rg4). Also shown are the
corresponding values as a function of the shock Mach number for shock-cloud simulations
with Moer = 10 and My, = 40 (black crosses in each panel), as well as values from the
2D k-€ simulations in Pittard et al. (2010) for a shock-cloud interaction with )} = 10 (Z4,4g,
red circles; ¢, green circles). It should be noted, however, that Pittard et al. (2010) used
a slightly different definition of the drag time - defined in their paper as the time when the
relative cloud velocity had decreased by a factor of 1/e. This definition provides smaller
values of 74,4, than the calculation used in this chapter. In order to compare the two time-
scales, I re-calculated my values of #;,,, for both the shock-cloud simulations where the
shock Mach number M = 10 and M = 40 and the wind-cloud simulations in accordance with
their definition. See Table 4.3 for values of 74,4, calculated according to the definition given
in § 6.3.2 of the current paper.
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of the two processes, to date. In the following subsections, I discuss two main
outcomes of my work, Mach scaling and the long-term survival of the cloud. These
have previously been discussed in terms of shock-cloud interactions and I note their

importance to wind-cloud studies.

4.4.1 Mach scaling

One of the main results from this study is the presence of Mach scaling. Mach
scaling has been discussed in detail in previous shock-cloud studies (see e.g. Klein
et al., 1994; Pittard et al., 2009, 2010). Briefly, in the strong shock limit, the time
evolution of the cloud is independent of the shock Mach number when it is expressed
in units of # /.. o< tM in the limit M — oo. Klein et al. (1994) first demonstrated Mach
scaling for sharp-edged clouds, with Nakamura et al. (2006) producing similar results
for clouds with smooth edges. Such studies have been able to demonstrate Mach
scaling in the shock-cloud case because the shock Mach numbers used in individual
studies have encompassed a large range (e.g. Klein et al. (1994) who investigated
M = 10— 103 and Nakamura et al. (2006) who used the range M = 1.5 — 10%). The
same cannot be said for wind-cloud studies. A brief trawl of the literature reveals
only a handful of studies where the Mach number of the wind was higher than 10.
Poludnenko et al. (2004), in their study of hypersonic radiative bullets, stated that
they had used Mach numbers in the range 10-200 but did not go on to discuss the
effect of changing the Mach number on the interaction. Raga et al. (2007), who
had very similar parameters to those used in the previous study, used a bullet Mach
number of 242 which, whilst firmly in the strong shock regime, was not compared
to other values of the Mach number. Pittard et al. (2005b) considered wind Mach
numbers of 1 and 20 in their study of multiple clouds embedded in a wind, but did
not have a great enough range of values for the Mach number in order to detect Mach

scaling.
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Although there are differences in the initial set-up and the physical processes
included, my work is perhaps most easily compared to that of Scannapieco and
Briiggen (2015), who investigated a range of wind Mach numbers (from 0.5 to 11.4).
A key result from these authors was that the mixing time-scale increases with the
wind Mach number. However, by extending my investigation to higher wind Mach
numbers (Mying = 43.0 vs. 11.4) I am able to show that the mixing time levels off at
high Mach numbers. I believe, therefore, that my work is the first to demonstrate

Mach scaling in a wind-cloud study.

4.4.2 Longer survivability of clouds

In their study, Scannapieco and Briiggen (2015) note that clouds embedded in a wind
are unable to travel distances of more than 30 — 407, before being disrupted. I find
that clouds can travel 40 — 501, by t = t1mix, Which suggests similarities between our
works. Moreover, I find that the cloud in simulation clwindlc, i.e. the simulation
with the highest wind velocity and a cloud density contrast of 10, still has significant
structure and density at late times (e.g. 100¢.., when it still has ~ 10% of its
core mass; see Fig. 4.3) and that it is able to reach distances of ~ 2007, at this
time (see Fig. 4.3). Thus, although my results are still not easily reconciled with
observations indicating clouds existing at the 100 kpc distances noted above, they
nonetheless show that clouds can survive as distinct structures over much longer
distances compared to those presented in Scannapieco and Briiggen (2015). The
longer survivability of clouds entrained in a wind may be further enhanced when
combined with other effects such as magnetic fields or cooling.

Figure 4.3 shows that the cloud in simulation clwindl1c is not completely de-
stroyed at late times, though its density has dropped below that of the surrounding
wind by t ~ 1007, (the bottom panels of Fig. 4.3). Since the bow shock around

the cloud is denser than the cloud at this time, preferential detection of the cloud
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may require that the cloud material has enhanced metallicity relative to the wind (cf.

Turner et al., 2014).

4.5 Summary and Conclusions

In this chapter, I compared the interaction between a shock and a spherical cloud with
that of a wind-cloud interaction with similar initial parameters. My motivation was
the lack of any paper in the literature that directly compared these two processes and
the general supposition that shock-cloud and wind-cloud interactions were broadly
comparable. However, I found there to be subtle, but also significant, differences
between the two types of interaction.

I first compared my wind-cloud simulations against a shock-cloud simulation
with M = 10 and y = 10 (clshock). My standard wind-cloud simulation (clwind1)
has the same cloud completely embedded in a (slightly supersonic) wind with
exactly the same properties as the post-shock flow in model clshock. I find that the
subsequent behaviour of the external medium differs between the two cases. In the
particular case of a marginally supersonic wind, an area of low pressure immediately
forms downstream behind the cloud (a feature not present in the shock-cloud case).
There are also differences in the morphology of the cloud itself. A cloud engulfed
by a marginally supersonic wind undergoes less compression than that struck by
a shock, because the flow around the cloud is diffracted in a different way to the
shock-cloud case. Finally, there are noticeable differences in the initial transmitted
shock between the shock-cloud and wind-cloud simulations; the shock in the former
is far flatter in shape whereas that in model clwind1 curves around the edge of the
cloud.

As the effective Mach number of the wind increases, the morphological dif-
ferences between the wind simulations and the shock simulation become more

prominent. The cavitation behind the cloud becomes more highly supersonic and

140



4.5 Summary and Conclusions

elongated. The higher Mach number causes a greater density and pressure jump
behind the bow shock, leading to reduced normalised post-bow shock gas velocities
around the cloud flank. Because of this, KH instabilities become slightly weaker as
My,ing increases. Another difference is that clouds in simulations with a high wind
Mach number do not experience the formation of transmitted shocks on the axis
behind the cloud. In addition to the morphological changes, I also showed that the
mixing time increases for increasing My,ing, Which is in contrast to the findings of
Pittard and Parkin (2016) with respect to a shock-cloud interaction. My simulations
also display Mach scaling in the high Mach number limit. The density jump at the
bow shock asymptotes to 4.0 (for Yy = 5/3), and the stand-off distance between the
bow shock and the centre of the cloud asymptotes to 1.28 r. (again for y =5/3). The
morphology of the cloud and the normalised acceleration and mixing time-scales
plateau at high Mach numbers. Moreover, I found that clouds embedded in winds
with high M,;i,q survived for longer, and travelled over larger distances, compared to
the results of the wind-cloud study by Scannapieco and Briiggen (2015).

The models used in this work have several limitations. Firstly, this was a 2D
study with imposed axisymmetry. Secondly, I considered only spherical clouds with
sharp edges (i.e. my clouds had no distinct core and surrounding envelope but were
uniformly dense) and neglected physical processes such as radiative cooling and
magnetic fields. Therefore, future comparisons should consider more realistic cloud
models and scenarios reflecting a more complex, inhomogenous ISM/intergalactic
medium. However, since my work is scale-free my results can be applied to a broad
range of problems related to the gas dynamics of the ISM. A follow-up to the present
study (see Chapter 5) compared shock-cloud and wind-cloud interactions where the

cloud density contrast is higher.
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Chapter 5

A comparison of shock-cloud and
wind-cloud interactions: effect of
increased cloud density contrast on

cloud evolution

5.1 Introduction

The ISM is a dynamic entity. Under certain circumstances, flows interacting with
clouds can lead to the formation of tail-like morphologies or filamentary structures.
Observations have shown these to occur from the small scale, such as comet plasma
tails (e.g. Brandt and Snow, 2000; Buffington et al., 2008; Yagi et al., 2015) to much
larger scales, e.g. Ha—emitting filaments occurring within galaxies. Tails have
been observed in NGC 7293 in the Helix nebula (O’Dell et al. 2005; Hora et al.
2006; Matsuura et al. 2007; Matsuura et al. 2009; Meaburn and Boumis 2010. See
also Dyson et al. (2006) for a corresponding numerical study) and also in the Orion
Molecular Cloud OMCI1 (Allen and Burton 1993; Schultz et al. 1999; Tedds et al.

1999; Kaifu et al. 2000; Lee and Burton 2000). Tail-like structures have also been
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found in Galactic winds (Cecil et al. 2001; Ohyama et al. 2002; Cecil et al. 2002;
Crawford et al. 2005; McClure-Griffiths et al. 2012; McClure-Griffiths et al. 2013;
Shafi et al. 2015).

Numerical shock/wind-cloud studies which have had either a particular focus
on, or have noted, the formation of tails include Cooper et al. (2008, 2009); Pittard
et al. (2009, 2010); Strickland and Stevens (2000); and Banda-Barragén et al. (2016),
whilst Pittard (2011) investigated the formation of tails in shell-cloud interactions.
Pittard et al. (2009, 2010), for example, noted the formation of tail-like structures
in 2D shock-cloud interactions where the cloud had a density contrast y = 10> and
a high shock Mach number and suggested that this was because the stripping of
material was more effective at higher Mach numbers due to the faster growth of
KH and RT instabilities. They stated that well-defined tails only formed for density
contrasts x > 103 but over a variety of Mach numbers.

In contrast, whilst there are a large number of wind-cloud simulations in the
literature, very few have considered clouds with density contrasts of 10° or greater.
Those that have (e.g. Murray et al. 1993; Schiano et al. 1995; Vieser and Hensler
2007; Cooper et al. 2009; Scannapieco and Briiggen 2015; Banda-Barragén et al.
2016) have tended not to vary the wind Mach number. Banda-Barragan et al. (2016),
for example, noted the realistic nature of higher cloud density contrasts (i.e. ¥ > 100)
but limited their adiabatic calculations to winds of Mach number 4.

In Chapter 4 I compared shock-cloud and wind-cloud simulations using similar
flow parameters for a cloud density contrast ¥ = 10, and explored the effect of
increasing the wind Mach number on the evolution of the cloud. In that chapter,
I found there to be significant differences between shock-cloud and wind-cloud
interactions in terms of the nature of the shock driven through the cloud and the axial
compression of the cloud, and noted that the cloud mixing time normalised to its
crushing timescale increased for increasing wind Mach number until it reached a

plateau due to Mach scaling. In addition, I also found that clouds in high Mach num-
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ber winds were capable of surviving for longer and travelling considerable distances.
In the current chapter, I extend my investigation to clouds with a density contrast
higher than that of Chapter 4 (¥ = 10%) and again compare between simulations
where the wind Mach number is varied. I also make comparisons between the current
work and Chapter 4.

The outline of this chapter is as follows: in § 5.2 I briefly introduce the numerical
method and the initial conditions, whilst in § 5.3 I present my results. § 5.4 provides

a summary of my results and a conclusion.

5.2 The numerical setup and initial conditions

As in Chapter 4, the computations in this chapter were performed using the MG HD
code, details of which can be found in Chapter 2. The initial conditions, numerical
setup, global quantities, and time-scales are exactly the same as in Chapter 4 except
that the density contrast between the cloud and the stationary ambient medium is
given by y = 103. Table 5.1 details the grid extent for each of the simulations and
values of the wind Mach number. As before, the velocity of the flow, Vps/wind> 18
increased by factors of /10, v/100, and /1000 in order to increase M ps/wind- values
for the cloud-crushing time-scale for each simulation are given in Table 5.2. In

addition, the time-scale for the growth rate of KH instabilities is given by:

M2,
M%_ (5.1)
(M. 1 —2)

w

IKH ~

5.3 Results

In this section I begin by examining the shock-cloud interaction, model c3shock,

in terms of the morphology of the cloud and then, maintaining the same initial
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Table 5.1 The grid extent for each of the simulations presented in this chapter (see § 5.3
for the model naming convention). M,y denotes the effective Mach number of the
post-shock flow/wind. Length is measured in units of the initial cloud radius, r.

Simulation M, /yind R Z
c3shock 1.36 O<R<20 —-400<Z<5
c3windl1 1.36 O<R<30 -700<Z<5

c3windla 4.30 O0<R<30 —-700<Z<5
c3windlb 13.6 O0<R<35 -800<Z<5
c3windlc 43.0 O0<R<35 —-800<Z<5

parameters, compare this to my standard wind-cloud interaction, model c3wind1. 1
then consider the interaction when the Mach number of the wind is increased (models
c3windla to c3windlc).

At the end of this section I explore the impact of the interaction on various global
quantities. In Chapter 4 I used a naming convention such that the higher velocity
wind-cloud simulations were described from “windla” to “wind1c”. Thus, in order
to compare between the two chapters I retain a similar naming convention such
that c¢3shock refers to a shock-cloud simulation with ¥ = 103. The “la” in model
c3windla, for example, indicates that the interaction has an increased wind Mach

number compared to model c3wind1.

5.3.1 Shock-cloud interaction

Figure 5.1 shows plots of the logarithmic density as a function of time for model
c3shock. The evolution of the cloud broadly proceeds as per model clshock in
Chapter 4 (where Mok = 10 and ¥ = 10) in that the cloud is initially struck on its
leading edge, causing a shock to be transmitted through the cloud whilst the external
shock sweeps around the cloud edge, and a bow shock is formed ahead of the leading
edge of the cloud. There are a number of differences between the two models, as
detailed below.

The rate at which the transmitted shock progresses through the cloud is consider-

ably slower than the comparable simulation in Chapter 4 ; in that chapter, the shock
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was also much flatter whereas model ¢3shock has a semi-flat shock, the end of which
curves around the cloud flank (see fourth panel of Fig. 5.1). The slowness of the
transmitted shock and its progress through the cloud in the current simulation is
attributed to the increased density of the cloud compared to model c1shock.

Initially, the slow progress of the transmitted shock through the cloud means that
the cloud appears to undergo little immediate compression in either the axial or radial
directions, in contrast to the cloud in Chapter 4 which was flattened into an oblate
spheroid even as the external shock was sweeping around the outside. However,
when this is measured in units of .., maximum compression of the cloud in the axial
direction takes place by # >~ 1¢.. (cf. panels 4 and 5 of Fig. 5.1).

The surface of the cloud in the current simulation from the outset is not smooth
(compared to the cloud edge in e.g. Pittard et al., 2009, 2010; Pittard and Parkin,
2016). The rapid development of such small instabilities is attributed to the fact that
I used a sharp edge to the cloud (see Pittard and Parkin (2016) for a discussion of
how soft cloud edges can hinder the growth of KH instabilities). It is also notable
that the cloud moves downstream at a slightly slower rate than would be expected in
comparison with previous inviscid shock-cloud calculations (cf. figure 4 in Pittard
et al. (2009)). This difference is likely to be due to the smooth edge given to the
cloud in e.g. Pittard et al. (2009) which results in the cloud having slightly less mass
than in my model.

The third panel of Fig. 5.1 shows that the external shock has reached the r =0
axis and cloud material is being ablated from the back of the cloud into the flow. The
sheer across the surface of the cloud induces the growth of instabilities, leading to
a thin layer of material being drawn away from the side of the cloud and funnelled
downstream. At this point, the transmitted shock is still progressing through the
cloud. With the transmitted shock curving around the edge of the cloud and also
moving in from the rear, the cloud begins to exhibit a shell-like morphology, with a

shocked denser outer layer encompassing the unshocked interior. This is a relatively

146



5.3 Results

Fig. 5.1 The time evolution of the logarithmic density for model c3shock. The greyscale
shows the logarithm of the mass density, from white (lowest density) to black (highest
density). The density in this and subsequent figures has been scaled with respect to the
ambient density, so that a value of O represents the value of p,mp and 1 represents 10 X Pamp.
The density scale used for this figure extends from O to 3.8. The evolution proceeds left
to right with t = 0.0431.., t = 0.084¢.., t =0.16¢..,t =0.31¢.,t = 1.2¢.., t = 2.0¢.., and
t = 3.61... The r axis (plotted horizontally) extends 3 r. off-axis. All frames show the same
region (—5 < z < 2, in units of r.) so that the motion of the cloud is clear. Note that in this
and similar figures the z axis is plotted vertically, with positive towards the top and negative
towards the bottom.

short-lived morphology, since by r = 1.21,. the shocked parts of the cloud collapse
into each other, and the transmitted shock has exited the cloud and accelerated
downstream. Cloud material is then ablated by the flow and expands supersonically
downstream, forming a long and turbulent wake. The cloud core, however, remains
relatively intact after the formation of the turbulent wake and persists for some
time as a distinct clump (until  ~ 5.21.., when it starts to become more elongated
and drawn-out along the axial direction). This behaviour differs from the y = 10
cloud investigated in Chapter 4 , where the cloud was destroyed much more rapidly.
However, it is in better agreement with inviscid simulations presented in Pittard et al.
(2009), who showed that clouds with y = 103 and a shock Mach number of 10 form
a turbulent wake, and that the mass loss at later times resembles a single tail-like

structure (see figures 4 and 7 of that paper).
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5.3.2 Wind-cloud interaction

5.3.2.1 Comparison of wind-cloud and shock-cloud interactions

Figure 5.2 shows plots of the logarithmic density as a function of time for the wind-
cloud case with Myinq = 1.36 (c3wind1). Here, the wind density, pressure, and

velocity values are exactly the same as the post-shock flow values in model ¢3shock.

As with models clshock and clwind1 in Chapter 4, c3shock and c3wind1 show
broad similarities (cf. Figs. 5.1 and 5.2). Both clouds have very similar morphologies
and there is little to tell them apart, at least initially. However, there are subtle
differences between the two models once the initial shock has progressed around
the edge of the cloud. For example, the RT instability that develops on the cloud’s
leading edge behaves differently to that in model c3shock. This is due to an area
of very low pressure in the shock-cloud case that is situated at the outside (right-
hand) edge of the ‘finger’ of cloud material forming due to the RT instability. This
low-pressure area is absent in the wind-cloud case. This means that the RT finger
is channelled more upstream in the wind-cloud model but expands more radially in
the shock-cloud model (see the last 3 panels in Figs. 5.1 and 5.2). Furthermore, the
flow past the cloud in the wind-cloud case is reasonably uniform, whereas that in
the shock-cloud case sweeps around the RT finger and helps to push cloud material
outwards in the radial direction. This means that the transverse radius of the cloud
grows more quickly in model c3shock compared to c3wind1 (see the final panel in
Figs. 5.1 and 5.2, and also 5.4e). However, in model c3shock the transverse radius
of the cloud does not grow any further after t = 3.6¢.., whereas in model c3wind1 it
continues to do so and by ¢t = 5, it is greater than in model c3shock. The continued
lateral growth of the cloud in model c3wind1 coincides with a greater fragmentation
of the core and a more rapid reduction in core mass, so that between t = 5 — 81, the

core mass in c3wind1 is less than that in c3shock (see Fig. 5.4a).
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Once the transmitted shock has exited the cloud, the cloud in model ¢3wind1
develops a long, low-density, turbulent wake similar to that in model ¢3shock (but
much less dense) in the downstream direction.! Unlike the cloud in model ¢3shock,
the cloud core in model c3wind1 is not drawn out along the z direction, and once the
core fragments the turbulent wake is disrupted by mass-loading of the core into the
flow (not shown).

In comparison to model clwindl in Chapter 4, the RT instability in model
c3wind1 expands upstream as opposed to the radial direction. This effect is caused
by shock waves moving through the cloud, once the transmitted shocks from the
front and rear of the cloud cross each other. Another difference between the c3wind 1
simulation and the clwind1 simulation in Chapter 4 is that the rear edge of the cloud
is not forced upwards to the same extent due to the action of shocks driven into the
back of the cloud (cf. the second panel of Fig. 5.2 at r = 0.077¢., with the second
panel of figure 2 in Chapter 4 at t = 0.82¢..). A turbulent wake is not seen in model
clwind1 in Chapter 4 .

The evolution of the cloud in model c3wind1 bears some similarities to the
adiabatic spherical cloud in the wind-cloud study by Cooper et al. (2009), where
mass is immediately ablated from the back of the cloud in the form of a long sheet
of material and moves downstream in a thin, turbulent tail (see the left-hand panels
of figure 7 in Cooper et al. (2009) showing the logarithmic density of the cloud,
in a Myinqg = 4.6 and ¥ = 910 simulation). Their cloud showed a large expansion
in the transverse direction, with cloud material being torn away from the core in
all directions and mixed in with the flow, i.e. comparable behaviour to my model
c3wind]1. Such fragmentation of the cloud core is dissimilar to the evolution of the

cloud in model c3shock.

I At late times an axial artifact develops in models c3shock and c3wind1. This is visible in the
final panels of Figs. 5.1 and 5.2 and is seen protruding upstream. Such artifacts are sometimes seen
in 2D axisymmetric simulations and occur purely due to the nature of the scheme (fluid can become
‘stuck’ against the boundary). However, it does not appear to influence the rest of the flow and can be
safely ignored in this work.
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Fig. 5.2 The time evolution of the logarithmic density for model c3wind1. The greyscale
shows the logarithm of the mass density, scaled with respect to the ambient medium. The
density scale used in this figure extends from O to 3.8. The evolution proceeds left to right
witht =0.042¢..,t =0.077t.c, t =0.15¢..,t =0.30¢t.c, t = 1210, t =2.0t.c, and t = 3.61,,.
All frames show the same region (—5 < z < 2, 0 < r < 3, in units of r,) so that the motion of
the cloud is clear.

5.3.2.2 Effect of increasing M, ;,; on the evolution

Compared to model c3wind1, models c3windla, c3wind1b, and c3wind1c display
a long-lasting and supersonically-expanding cavity located to the rear of the cloud
(similar to the higher wind Mach number simulations in Chapter 4 ) and a reduced
stand-off distance between the cloud and the bow shock; these features are due to

the increase in wind velocity and Mach number in these models.

There is much greater pressure at the leading edge of the cloud in the higher My,iq
simulations. The density jump at the bow shock in the higher My;,q simulations
is also greater, and the stand-off distance between the bow shock and the leading
edge of the cloud smaller, than in model c3wind1. The greater compression at the
bow shock reduces the flow velocity (normalised to v /wing) around the edge of
the cloud, leading to a reduction in the growth rate of instabilities and decreased
stripping of cloud material from the side of the cloud (when time is normalised to 7).
The evolution of the cloud in the higher M,i,q simulations, therefore, is different to
that in model c3wind1, especially at low values of the cloud-crushing time-scale. As
in Chapter 4, the higher My;,q simulations have very similar morphologies, at least

until around 7 ~ 1.8¢... This is due to the presence of the highly-supersonic cavity
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(as opposed to the area of low pressure behind the cloud in model c3wind1) which
alters the way the wind flows around the cloud flanks. Instead of being focussed
on the r = 0 axis immediately behind the cloud as in model c3wind1, the flow is
deflected further downstream away from the cloud edge leading to a much lower
pressure jump behind the cloud and restricting secondary shocks from being driven
into the rear of the cloud. Thus, there is less turbulent stripping of cloud material

from the rear of the cloud in these simulations compared to model c3wind]1.

Interestingly, these high-Myi,q models initially form a thin, compressed, smooth
tail of material ablated from the side and rear of the cloud (see panels 2, 3, and 4,
corresponding to t = 0.13,0.25, and 0.491.., in each set of Fig. 5.3), whereas, as
already noted, the cloud in model c3wind1 forms instead a low-density turbulent
wake. The cause of this is the way the flow moves around the cloud edge. In
model c3wind1 the wind flows much closer to the cloud all the way around its edge.
However, in model c3wind1a the stronger bow shock deflects some of the flow away
from the cloud edge, whilst the cavity serves to restrict the flow immediately behind
the cloud. Thus, there is a slower removal of material from the cloud in the latter
case. In addition, in model c3wind1a, the flow converges on the r = 0 axis, which
serves to focus cloud material at this point, whereas in model c3wind]1 the flow
changes direction and pushes upwards into the rear of the cloud. There is much less
focusing of cloud material on the r = 0 axis in this case and, thus, the tail of cloud
material is much broader. This behaviour also differs from the comparable models in

Chapter 4.

The fragments of cloud core in all higher velocity wind models remain encased
in the strong bow shock. Furthermore, it is clear from Fig. 5.3 that the cloud core in
model c3wind1c has travelled much further in the axial direction than that in model

c3windla (cf. the final panel in each set).
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Fig. 5.3 The time evolution of the logarithmic density for models c3windla (top row),
c3wind1b (middle row), and c3wind1c (bottom row). The greyscale shows the logarithm
of the mass density, scaled with respect to the ambient medium. The density scale used
in this figure extends from O to 3.8. The evolution proceeds left to right with t = 0.07¢,
t =0.13¢t.,t =0.25¢t,,t =0.49¢.,t = 1.841.,t = 3.10t.., and t = 5.53¢... The first five
frames in each set show the same region (—5 < z < 2, 0 < r < 3, in units of r.) so that the
motion of the cloud is clear. The displayed region is shifted in the 6th frame of each set
(=13 <z< —1,0 < r < 5) and the last frame (—23 <z < —11, 0 < r < 5) in order to follow
the cloud.
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Table 5.2 A summary of the cloud-crushing time, #.., and key time-scales, in units of 7., for
the simulations investigated in this work. Note that the value for 74rag given here is calculated
using the definition given in § 4.2.5, whilst térag is the time when (v; cioud) = Vps/e, Where
Vps 1s the post-shock (or wind) speed in the frame of the unshocked cloud.

Simulation  fee  fdrag tc’lrag fmix  Hife
c3shock 2331 486 3.04 421 10.2
c3wind1 2331 446 3.69 497 10.9
c3windla 0.737 4.16 340 6.23 11.7
c3windlb 0.233 4.25 343 587 17.8
c3windlec 0.074 4.38 3.53 582 176

5.3.3 Statistics

I now explore the evolution of various global quantities of the interaction for both the
shock-cloud and wind-cloud models. Figure 5.4 shows the time evolution of these

key quantities, whilst Table 5.2 lists various time-scales taken from these simulations.

Figure 5.4(a) shows the time evolution of the core mass of the cloud in each of
the simulations. It can be seen that models c¢3shock and c3wind1 are closer in their
behaviour than either of them is to the higher wind Mach number simulations (which,
however, are more closely converged to each other as expected from Mach scaling
considerations). The cloud core in model c3shock drops to 50% of its initial value
more quickly than that of model c3wind1 due to the faster transverse expansion of
the cloud in the former case. However, the greater lateral expansion of the cloud in
model c3wind] at later times, and hence its greater effective cross-section, means
that it then loses mass from its core at a faster rate, between ¢t = 5.5 and 8.31...

The rate of mass loss of model c3shock is considerably faster than the comparable
model clshock in Chapter 4 where the cloud core survived until # == 24¢... In contrast,
the mass loss is very similar between models c3wind1 and clwind1, the cores of
which are both destroyed by ¢ ~ 15¢... In the shock-cloud cases, the turbulent wake
evident in model c3shock serves to hasten the rate of mass loss, compared to model
clshock which lacked such a wake. The cloud core in model clwind1 becomes

compressed by secondary shocks which travel upwards from the rear of the core, and
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Fig. 5.4 Time evolution of (a) the core mass of the cloud, mqre, (b) the mean velocity of the
cloud in the z direction, (v;), (c) the centre of mass in the axial direction, (z), (d) the ratio of
cloud shape in the axial and transverse directions, c¢joud/dcloud (€) the effective transverse
radius of the cloud, a¢oug, and (f) the effective axial radius of the cloud cjouq. Note that
panel (c) shows the position of the centre of mass of each cloud at r = #,;x (indicated by the
respectively-coloured crosses). In addition, the behaviour of the cloud in model c3shock
after r = 20¢.. has not been included in any of the above panels since the cloud material
drops below the B =2/ threshold at late times (see § 4.2.4).
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it develops filamentary structures at the rear much earlier than the cloud in model
clshock. Thus, the rate of core mass loss in clwind1 is quicker than that in model
clshock, and comparable to c3wind1 where the core fragments.

The clouds in models c3windla, c3wind1b, and c3wind1c are the slowest of the
clouds in Fig. 5.4(a) to lose mass and have a slightly shallower mass-loss curve due
to the lack of a turbulent wake prior to core fragmentation. These models have very
similar core-mass profiles until # ~ 87.., when random fluctuations cause subsequent
divergence in the evolution of mqe. The mass loss rate is considerably quicker for
the wind-cloud models in the current paper than those in Chapter 4 since the former
fragment whilst the latter remain much more intact over a longer period before
becoming mixed into the flow. Therefore, the cloud cores in the current chapter have
much steeper mass loss curves.

The values of #j;s. given in Table 5.2 are further confirmation that the cloud
lifetime (normalised by z..) increases with Mach number in wind-cloud interactions
(Scannapieco and Briiggen 2015; Chapter 4), as opposed to decreasing with Mach
number in shock-cloud interactions (e.g. Pittard et al., 2010; Pittard and Parkin, 2016),
until Mach scaling kicks in at high Mach numbers, whereupon fj;¢ /7. approaches a
constant value. Previous shock-cloud studies (e.g. Pittard and Parkin, 2016) have
shown that at low shock Mach numbers dynamical instabilities on the cloud edge
are slow to form; however, such instabilities are more prevalent as the Mach number
increases, thus allowing the cloud to be shredded and mixed into the flow more
rapidly and reducing the cloud lifetime. However, in the wind-cloud case such
instabilities are retarded as the wind Mach number increases, lessening the stripping
of cloud material from the edge of the cloud in the higher My,;,q runs in Chapter 4
and the current chapter. Such dampening of the growth of KH (and RT) instabilities
and less effective stripping provide for a longer time-scale over which mass is lost.
KH instabilities are able to become independent of the Mach number in wind-cloud

simulations owing to the way that the cloud-crushing time-scale is calculated. Here,
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the value of 7. is reduced as My,;nq 18 increased. Since the calculation of the KH
growth rate (see Eq. 5.1) is dependent upon both My,i,q and ?.., the KH time-scale
also varies. Thus, as Myinq increases, txy decreases until it levels out at high Mying.

The acceleration of the cloud is shown in Fig. 5.4(b). The cloud in model c3wind1
has a slightly slower acceleration than that in ¢3shock. Compared to Chapter 4 ,
these two models show a slightly slower initial acceleration, due to the increased
density of the cloud in these cases (for instance, the speed of the transmitted shock
through the cloud is much slower). In addition, the non-smooth acceleration of
both clouds between t ~ 4 — 15¢.. acknowledges the change in shape of the cloud
core away from the previous near-spherical morphology. The acceleration of the
cloud in the higher My;i,q simulations initially follows that of the cloud in c3wind]1.
The acceleration of the cloud up to the asymptotic velocity is much smoother than
seen in models c3shock and c3wind1. The similar behaviour of the higher Mg
simulations, as in Chapter 4, indicates the presence of Mach scaling.

Figure 5.4(c) shows the time evolution of the cloud centre of mass in the axial
direction. The movement of the centre of mass of the cloud in models c¢3shock and
c3wind1 is near identical. Models c3wind1a to c3wind1c differ very slightly in that
the plot of the centre of mass of the cloud in these simulations is marginally steeper
than that of the other two models from ¢ ~ 127,., indicating that they have moved
downstream slightly further than the clouds in the other two models. Interestingly,
this behaviour contrasts with that given in Chapter 4, where models c3shock and
clwind1 had noticeably steeper profiles compared to the higher My, models.

Scannapieco and Briiggen (2015) found that clouds with ¥ = 100 in a high-
velocity flow were unable to be accelerated to the wind velocity before being dis-
rupted, with clouds with a lower density contrast embedded in a high-velocity wind
attaining much greater velocities. This suggests that clouds with high density con-
trasts would have difficulty in being moved across large distances before they are

disrupted. I find that due to their large reservoir of mass, clouds with an initially high
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density contrast are able to significantly “mass-load” the flow, thus generating much
longer-lived structures with density substantially greater than that of the background
flow (see e.g. the last two time snapshots of each model in Fig. 5.3). These struc-
tures are able to move 100s of r, downstream from the original cloud position and
acquire velocities comparable to the background flow speed. I find that this process
is facilitated in high-velocity winds: the cloud in model c3wind1c accelerates faster
and 1s moved a greater distance than the cloud in model c3wind1. I note also that
neither the complete mixing of cloud material, nor complete smoothing of the flow,

are achieved in any of my simulations.

The time evolution of the shape of the cloud is presented in Fig. 5.4(d-f). In
terms of the transverse radius of the cloud, d¢joug, the clouds in both ¢3shock and
c3wind1 show a modest expansion until # ~ 4¢.. (not dissimilar to models c1shock
and clwind]1 in Chapter 4) before levelling out, coinciding with the moderate com-
pression of the cloud in each case by the transmitted shock. The clouds in both
models have a much greater expansion in the axial direction (c¢jouq), coinciding
with the formation of their turbulent wakes, in contrast to the behaviour found in
Chapter 4 where there was a much more modest axial expansion for the equivalent
models (cf. Fig. 5.4(f) with the same figure in that chapter). In contrast, the cloud in
c3wind1c shows much less expansion in the axial direction (its axial radius nearly
plateaus after # ~ 10¢..), whilst its expansion in the transverse direction is 3 —4 X as
large as the cloud in c¢3shock and c3wind1. This is caused by the pressure and flow
gradients resulting from the strong bow shock surrounding the cloud. Again, it can
be seen that the cloud in model ¢3wind1b behaves similarly to that in c3windlc in

terms of the evolution of cjoug4, thus demonstrating Mach scaling.
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5.3.4 Time-scales

Table 5.2 provides normalised values for g, fmix, and fjife for each of the simulations
presented in this chapter. Figure 5.5 also shows the normalised values of t(’irag and 7pyix
as a function of the Mach number, and also in comparison to 2D inviscid shock-cloud
simulations with ¥ = 10>. The behaviour of each time-scale is now discussed in

turn.

5.3.4.1 ldrag

First, I note that the wind-cloud simulations all have 74, [tee = 4.2 —4.5 (see Ta-
ble 5.2). These values are typically slightly greater than the values seen from the
lower x wind-cloud simulations in Chapter 4 , which spanned the range 3.3 —4.3.
Thus, clouds with y = 103 are accelerated by a wind slightly more slowly than those
with ¥ = 10. This dependence is consistent with that also found in shock-cloud
simulations (see e.g. Pittard et al., 2010), but in both cases the scaling is weaker

than the xl/ 2

scaling expected from a simple analytical model (Klein et al., 1994;
Pittard et al., 2010). I also find barely any Mach-number dependence to the values of
ldrag /tcc in my wind-cloud simulations, when x = 10 and 103. This contrasts with

the behaviour seen in shock-cloud simulations, where f4;ag /1cc rises sharply at low

Mach numbers (e.g. Pittard et al., 2010; Pittard and Parkin, 2016).

5.3.4.2 ik

Table 5.2 and Fig. 5.5 show that ty,x /2. is almost independent of Mach number
for the ¥ = 10° wind-cloud simulations presented in this chapter. This behaviour
contrasts with that from the y = 10 wind-cloud simulations in Chapter 4, and the
results of Scannapieco and Briiggen (2015), where simulations with higher wind
Mach numbers had significantly longer mixing times. Both behaviours contrast

with the rapid rise in f;y/t,c at low Mach numbers in shock-cloud simulations
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(Pittard et al., 2010; Pittard and Parkin, 2016)! This clearly reveals very interesting
diversity between these various interactions and motivates further studies of them.
In particular, it is not clear why Scannapieco and Briiggen (2015) find longer mixing
times with higher wind Mach numbers, when the current chapter does not, although
there are a number of obvious avenues to investigate, including differences between
the initial conditions and physics included, the effects of numerical resolution, and
differences in the definition of mixing. As a final point, I note that Mach scaling is
demonstrated in all of the relevant work (Pittard et al. 2010; Pittard and Parkin 2016;
Chapter 4), including the present chapter.

Interestingly, Fig. 5.5(b) shows that the values of #ix /7. from the shock-cloud
simulations (which do show a Mach number dependence) appear to converge towards
the Mach number-independent wind-cloud values as Mpck /wing increases. This
behaviour, although not quite so clear cut, may also be taking place for t(’lrag [tec
too (see Fig. 5.5(a). Finally, I note that térag [tmix ~ 0.6 inmy x = 103 wind-cloud

simulations (see Fig. 5.5).

5.3.5 Comparison to existing literature

As noted in § 5.1, there is a lack of numerical studies in the literature that investigate
the Mach-number dependence of wind-cloud interactions at high density contrast
(x > 10%). Studies which consider high values of y are often limited to a single value
of Myinq (e.g. Banda-Barragan et al., 2016; Cooper et al., 2009; Vieser and Hensler,
2007). Thus, it is difficult to draw any conclusions from the current literature as
to the Mach-number dependence of #,;x in wind-cloud simulations at high . In
fact, the only other wind-cloud study, to my knowledge, to investigate a range of
Mach numbers at high ) is by Scannapieco and Briiggen (2015). They find an
increasing trend for #,;x with Myinqg, which is in disagreement with the results that I

present here. This disagreement is down to the different initial setup (their cloud is
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initially assumed to be in pressure equilibrium with the surrounding wind, whereas
my cloud is under-pressured) and to the different physics employed (their simulation
is radiative, whereas mine is adiabatic). In addition, there are numerical differences
(e.g. 2D vs. 3D), and differences in the definition of mixing between their work and
mine. Further investigation into the effect of these differences is needed.

In previous shock-cloud studies, Pittard et al. (2010) and Pittard and Parkin (2016)
showed that the ratio t(’jrag [tmix Was x—dependentz. To first order, the normalised
mixing time-scale is independent of ), while the normalised drag time-scale increases
weakly with . Thus, clouds with low density contrasts are accelerated more
quickly than they mix, while clouds with very high density contrasts tend to mix
more efficiently than they are accelerated. At high Mach numbers (Mgpock 2 10),
Pittard and Parkin (2016) found that témg /tmix increased from 0.14 when y = 10,
to 0.75 when y = 103. The current chapter now allows me to examine whether
such behaviour is displayed in wind-cloud interactions. At high Mach numbers,
Chapter 4 showed that for y = 10, tc’lrag /tmix =~ 0.1, while here I find témg /tmix ~ 0.6
for ¥ = 10°. Thus, I find that mixing becomes relatively more efficient compared to
acceleration for wind-cloud interactions as the cloud density contrast increases, in

agreement with the behaviour seen in shock-cloud interactions.

5.4 Summary and Conclusions

This is the second part of a study comparing shock-cloud and wind-cloud interactions
and the effect of increasing the wind Mach number on the evolution of the cloud. The
first paper (Chapter 4) investigated the morphological differences between clouds of
density contrast y = 10 struck by a shock and those embedded in a wind. Significant
differences were found, not only between the morphology of the clouds themselves

but also in terms of the behaviour of the external medium in each case. It was also

*In these works, Zdrag is equivalent to t(’]mg in the current chapter.
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Fig. 5.5 (a) Cloud drag time, tc’img, (gold diamonds) and (b) mixing time of the core, #,ix, (pink

diamonds) as a function of the wind Mach number, M;,q for the wind-cloud simulations.

Also shown are the corresponding values from 2D inviscid simulations calculated for a
shock-cloud interaction with y = 103 (fdrag, red circles; fmix, green circles). Note that in this
figure, #g,,, is defined as the time at which the mean cloud velocity, (v, cioud) = vps/e, where
Vps 18 the post-shock (or wind) speed in the frame of the unshocked cloud. This definition
is consistent with Pittard et al. (2010), but differs from Klein et al. (1994) and Pittard and
Parkin (2016). Thus, t(’irag < Iqrag- See Table 5.2 for values of 74, calculated according to the
definition given in § 4.2.5.

the first work to identify Mach scaling in a wind-cloud simulation and additionally
found that clouds embedded in high Mach number winds survived for longer and

travelled larger distances.

In this follow-up chapter, I have continued my investigation of shock-cloud and
wind-cloud interactions, but this time have focussed on clouds with a density contrast
of y = 10°. As in Chapter 4, I began my investigation by comparing wind-cloud
simulations against a reference shock-cloud simulation with a shock Mach number
M = 10 (c3shock). My standard wind-cloud simulation (c3wind1) used exactly
the same cloud embedded in the same flow conditions. On comparing the two
simulations, I find only minor morphological differences between the clouds in each
simulation whilst the transmitted shock progresses through the cloud. After the
transmitted shock has exited the cloud, I find that the cloud in both models begins
to develop a low-density turbulent wake. The evolution of the two clouds begins
to diverge after this time, and the morphology and properties of the cloud become

increasingly different with time. For instance, the development of the wake differs
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significantly between the two models: the cloud core in model c3shock does not
fragment but is drawn out along the r = 0 axis, whilst that in model c3wind1 does
fragment and eventually disrupts the evolution of the wake.

On increasing the wind Mach number, I find that a supersonically-expanding
cavity quickly forms at the rear of the cloud, similar to the higher My,i,q simulations
in Chapter 4. This is followed by a smooth, compressed, thin, but short-lived
tail of cloud material which forms behind the cloud. This narrow tail arises from
the focusing of the flow around and behind the cloud. Neither the cavity, nor the
subsequent narrow tail, are seen in models c3shock and c3wind1, or the comparable
models in Chapter 4 at lower x. In all of my new wind-cloud simulations, the cloud
eventually fragments and mass-loads the flow.

In Chapter 4, I demonstrated the presence of Mach scaling in wind-cloud sim-
ulations for the first time. My new results shown here provide further evidence of
this effect. For example, the clouds in the higher Mach number simulations are
all morphologically very similar (cf. each set of panels in Fig. 5.3), and evolve
closely until “random” perturbations caused by the different non-linear development
of instabilities from numerical rounding differences in the simulations eventually
cause them to diverge.

I also find that clouds with density contrasts ¥ > 100 can be accelerated up to the
velocity of the wind and travel large distances before being disrupted, in contrast to
the findings of Scannapieco and Briiggen (2015). For instance, in model c3windla,
the cloud reaches 90% of vying by f = tmix, at which time it has moved downstream
~ 50r.. However, the flow remains structured and complete mixing is not achieved.

My work has helped to reveal a rich variety of behaviours depending on the nature
of the interaction (shock-cloud or wind-cloud) and the cloud density contrast. In
shock-cloud interactions, both the normalised cloud mixing and drag times increase
at lower Mach numbers, but are independent of Mach number at higher Mach

numbers - i.e. they show Mach scaling (see Klein et al., 1994; Pittard et al., 2010;
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Pittard and Parkin, 2016). The drag time also increases weakly with ¥, but fix /fcc
does not. In contrast, wind-cloud interactions with ¥ = 10 show an almost Mach-
number-independent drag time, but a strong rise in iy /fc With Mach number until
Ming ~ 20, whereupon tyx /.. plateaus as Mach-scaling is reached (Chapter 4). My
current work reveals another type of behaviour: wind-cloud interactions with y = 10°
show almost Mach-number-independent drag and mixing times. Comparison of the
current chapter with Chapter 4 also reveals that the normalised cloud mixing time at
high Mach numbers is shorter at higher values of ¥ in my wind-cloud simulations,
which is opposite to the y-dependence seen in shock-cloud interactions where #yix /?¢c
is essentially independent of ), and at most very weakly increases with it (Pittard
et al., 2010; Pittard and Parkin, 2016). Finally, I find that the Mach number dependent
values of térag and f,yix for shock-cloud simulations at y = 103 converge towards the
Mach-number-independent time-scales of comparable wind-cloud simulations.
That shock-cloud and wind-cloud interactions display such richness of behaviour
demands further investigation. In particular, there is a need to address some of the

discrepancies which currently exist between different studies.
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Chapter 6

Isothermal shock-filament

interactions

6.1 Introduction

Some filaments are known to collapse under gravity and fragment into star-forming
cores. Recent observational studies have further shown that a large number of
prestellar cores are found within dense filaments (André et al., 2010; Arzoumanian
et al., 2011; Roy et al., 2015), with some filaments showing several cores strung out
along their length (Schisano et al. 2014; Konyves et al. 2015). In addition, young
stellar clusters appear at the intersections of these filaments (Myers, 2011; Schneider
etal.,2012). The presence of cores embedded within filaments suggests a relationship
between their formation and the fragmentation of the filaments themselves (Larson,
1985; Schneider and Elmegreen, 1979). The conditions under which filaments
fragment have been probed by various numerical studies (see e.g. Heigl et al., 2016).
Mellema et al. (2002) found that radiative clouds tended to break up rather than
become mixed into the background medium, since radiative or isothermal regimes

can lead to milder cloud destruction. Radiative cooling can fundamentally alter the
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nature of the interaction through the removal of thermal energy and pressure from

the cloud. Under certain conditions, this may lead to the formation of dense cores.

Previous papers (Pittard and Goldsmith 2016 and Chapter 3) investigated the
adiabatic interaction between a shock and a filament. Here, I extend these studies
into the isothermal regime in order to understand the effects of radiative losses on
the interaction. In the current study, I limit myself to a purely hydrodynamical
scenario with all calculations performed as for a quasi-isothermal gas (y = 1.01).

The calculations are scale-free and are easily applicable to a broad range of scenarios.

The outline of this chapter is as follows: in § 6.2 I define the isothermal shock-
filament problem and review the relevant literature. § 6.3 introduces the numerical
method and describes the initial conditions, whilst in § 6.4 I present my results. In
§ 6.5 I discuss the relevance of a quasi-isothermal regime in my work. § 6.6 provides

a summary of the results and a conclusion.

6.2 Problem definition

In this study, I consider the most basic scenario of a shock striking a filament.
The simulated cloud is an idealised non-magnetised filament comprising a central
cylindrical core of length Ir. (where r, is the filament radius) and hemispherical caps
at each end. Thus, a cloud with / = 0 would be a spherical cloud. The total length
of the filament is given by (/ + 2)r,, and the ratio of the lengths of the major and
minor axes is given by (/+2)/2. I am able to vary the aspect ratio and orientation
(denoted by the angle, 0, between the leading surface of the shock and the filament’s
major axis) of the filament in order to investigate how such changes might alter the
interaction. Although this is clearly an idealised set-up, it is suitable for my purposes
and allows changes to the interaction to be monitored as the shock Mach number, M,

cloud density contrast, ¥, [, and 6 are varied.
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The filament is assumed to have smooth edges over about 10 per cent of its
radius (see § 3.2.1.1). I adopt the density profile given in Pittard et al. (2009) with
p1 = 10, in line with a previous HD shock-filament study, Pittard and Goldsmith
(2016); this simulates a reasonably sharp-edged cloud. The presence of a soft edge
to the filament is expected to retard the formation of HD instabilities (see Nakamura
et al., 2006). HD instabilities are expected to be further suppressed by the use of a
quasi-isothermal equation of state. The filament is initially in pressure equilibrium
with its surroundings. This work comprises a purely hydrodynamic study, ignoring
the effects of thermal conduction, cooling, magnetic fields, and self-gravity. All
calculations were performed using a softened equation of state (Y = 1.01) in order
to approximate an isothermal interaction. I have used this value of 7y instead of
Y = 1.0 because, owing to the way that the code is written, the internal energy of the
system would become infinite if the latter value is used. Since Yy = 1.01 is only 1%
away from the purely isothermal value I therefore assume that any differences in the

calculations are negligible.

6.2.1 Previous work

Numerical studies investigating the idealised problem of an adiabatic shock or wind
interacting with a cloud date back to the 1970s. Since then, more realistic scenarios
involving thermal conduction (e.g. Orlando et al., 2008), turbulence (e.g. Pittard
et al., 2009, 2010; Pittard and Parkin, 2016), and magnetic fields (e.g. Mac Low
et al., 1994; Shin et al., 2008), have been published. In particular, numerical studies
of shock-cloud interactions which have included radiative cooling routines include
Mellema et al. (2002); Fragile et al. (2005, 2004); Orlando et al. (2005); Cooper
et al. (2008, 2009); Yirak et al. (2010); van Loo et al. (2010); Li et al. (2013), and
Johansson and Ziegler (2013).
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Whilst a full radiative cooling model would provide more realistic results appli-
cable to observations, such models can be computationally costly. Instead, softening
the equation of state so that it is isothermal (Y = 1) or quasi-isothermal can mimic
the effects of cooling in the ISM. Several studies have explored the effect of an
1sothermal equation of state on the interaction between a shock or wind and a cloud.
Klein et al. (1994) briefly explored a 2D shock-cloud interaction using Y = 1.1 for
the cloud only and found that a softened equation of state led to greater compression
in the cloud, with the cross-section of the radiative cloud much smaller than that of a
non-radiative cloud. Moreover, the cloud drag was smaller than when an adiabatic
equation of state was used. In addition, they found that isothermal clouds survived
for longer due to the higher density of the shocked cloud. Li et al. (2003) explored
self-gravitating turbulent clouds over a range of values for y and found that the ability
of interstellar gas clouds to fragment under the action of self-gravity decreased in the
range 0.2 < v < 1.4. Larson (2005), in a review paper, noted that the above result
had particular importance for filamentary clouds, and that a value of ¥ = 1 denoted
a critical value for filament collapse. Nakamura et al. (2006), in their 3D study in
which they compared adiabatic and isothermal interactions, used ¥ = 1.1 for both
the cloud and the intercloud gas. Their results supported those of Klein et al. (1994)
and underlined the fact that the cloud experienced much milder destruction by HD
instabilities. Finally, Banda-Barragan et al. (2016) briefly explored the effect of a
quasi-isothermal equation of state (y = 1.1) on a magnetohydrodynamic wind-cloud
interaction and noted that an isothermal filament survived for longer than an adiabatic
one. Other studies to have utilised an isothermal equation of state for the cloud
include Raga et al. (2005) and Pittard et al. (2005b).

Although there is now a comprehensive, and growing, body of work concerning
shock-cloud and wind-cloud interactions using spherical clouds (see Chapter 4
for a brief overview), there remains a paucity of work in the current literature

concerning interactions where the cloud is non-spherical. HD simulations with
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prolate clouds were performed by Klein et al. (1994) and Xu and Stone (1995),
whilst Pittard and Goldsmith (2016) investigated idealised filaments. In addition,
Chapter 3 studied shock-filament interactions in a magnetised medium. With the
exception of Klein et al. (1994), these studies emphasised the influence on the
interaction of the alignment or orientation of the cloud with respect to the shock
normal. Moreover, Chapter 3 noted that the length of the filament was not as
important to the interaction as the filament’s orientation. Other studies (e.g. Cooper
et al. 2009; Banda-Barragan et al. 2018, 2016) that have investigated the formation
and evolution of filamentary clouds have started from the basis of a spherical cloud
(though Cooper et al. (2009) also simulated a fractal cloud).

To my knowledge, there exists no other numerical study of a shock striking
a filament in a non-magnetised medium using a softened equation of state. The
current work, therefore, extends the study by Pittard and Goldsmith (2016) into a

quasi-isothermal regime.

6.3 The numerical setup

The computations in this study were performed on a 3D XY Z Cartesian grid using
the MG AMR HD code (see Chapter 2). Each of the simulations was performed at an
effective resolution of R3;, in line with the results of a resolution test presented in
Pittard and Goldsmith (2016). This means that seven grid levels (G to G®) are used
for calculations requiring the finest grid.

The filament is initially centred at the grid origin (x,y,z) = (0,0,0) with the
planar shock front located at x = —10. The shock propagates along the x-axis in the
positive x direction. The numerical domain is set so that there is constant inflow
from the negative x direction and free inflow/outflow conditions at other boundaries,
and is large enough so that the main features of the interaction occur before the

shock reaches the downstream boundary of the grid. The setup of the filament
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and the ambient medium is exactly the same as that given in Chapter 3, except for
the value of y and the lack of a magnetised ambient medium. The grid extent is
determined by the values of M and y and was —20 < x < 1500, —12 <y < 12,
—12 < z < 12 for all simulations. In this study, I define motion in the direction of
shock propagation as ‘axial’ and that perpendicular to this as ‘radial” or ‘transverse’
(this includes motion in both the y and z directions). The pre-shock values of the
ambient medium density and pressure are given in § 3.2.1.1. The post-shock density,

pressure, and velocity relative to the pre-shock ambient values and to the shock speed

are P /wind/ Pamb = 8.7, Ppgjwind/Pamb = 9-1, and v, /ina/vi = 0.88, respectively.

6.3.1 Diagnostics

Various integrated quantities allow the evolution of the filament to be studied (see

§3.2.1.2).

6.3.2 Dynamical time-scales

The characteristic time-scale for prolate clouds to be crushed by the shock being
driven into them, #.,, is used throughout this chapter in line with Pittard and Gold-
smith (2016). Several other time-scales (fdrag> Imix» and fjife) can be obtained, and the
definitions of these are given in Chapter 3. Time zero in my calculations is taken to

be the time at which the intercloud shock is level with the centre of the filament.

6.4 Results

In this section I begin by examining the morphology of the interaction for my refer-
ence simulation, model m3c2/8s, and then consider the morphology for simulations
with M = 3 for clouds of varying length and orientation, comparing against calcula-

tions made using a shock of M = 10 in an adiabatic regime. At the end of this section,
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I explore the impact of the interaction on various global quantities and time-scales.
Table 6.1 summarises the calculations performed and provides some key time-scales.
I adopt a naming convention such that m3 denotes M = 3, ¢2 denotes y = 107, I8
denotes a filament length of 8, and s refers to a filament orientated sideways to the
shock front (sideways filaments have 8 = 0°; where the orientation of the filament
is other than sideways, the number given in the model name refers to the angle of

orientation of the major axis to the shock front).

6.4.1 Interaction of a filament with ¥ = 10? and a sideways ori-

entation with a shock of M =3

I begin by discussing the morphology of the interaction for my reference simulation,
where M =3, x = 102, [ = 8, and the filament is oriented sideways to the shock
front. Figure 6.1 shows the mass density as a function of time for the xy and xz
planes. The first panel in this, and subsequent figures, shows the initial filament
orientation, with the direction of shock propagation running from left to right. I will
describe the nature of the interaction and changing morphology with reference to a
filament struck by a M = 10 adiabatic shock presented in a previous paper (Pittard
and Goldsmith, 2016). The rationale for focussing on a filament struck by a M =3
shock instead of that struck by a shock of M = 10 is that the former is a more realistic
scenario given the near isothermal nature of the interaction.

Figure 6.1 shows the filament being struck by the shock from its side. The second
panel, at t = 0.00¢.,, shows that the external shock has just passed the centre of
the filament, whilst at = 0.397.; a bow shock has formed on the upstream side of
the filament, very close to its upstream edge, in contrast with the M = 10 adiabatic
simulation where the bow shock is located at a slightly greater distance from the
filament (see figure 3 in Pittard and Goldsmith (2016)). The upstream surface of

the filament begins to be compressed (as evidenced by an increase in density at this
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Table 6.1 A summary of the shock-filament simulations presented in this work, along with
key time-scales. M is the shock Mach number, ¥ is the density contrast of the filament to the
surrounding ambient medium, / defines the length of the filament, and 6 defines the angle of
orientation of the filament between its major-axis and the shock surface (sideways-oriented
filaments have 6 = 0°). v}, is the shock speed through the inter-cloud medium (in code units).
Vvps 1s the post-shock flow velocity, and is given in units of vj. #.. is the cloud-crushing
time-scale of Klein et al. (1994), while #., is the cloud-crushing timescale for a spherical
cloud of equivalent mass introduced by Xu and Stone (1995). Key filament time-scales are
additionally noted. 1 denotes that the true value is unable to be given because the simulation
had ended before this point was reached. Note that simulations m3c2[885, m3c3/8s, and
m10c21885 were run at a reduced resolution of Ryg.

Simulation M x () 0 (°) Vb Vps /Vb tcs/lcc tdrag/tcs Tmix /tcs tlife/tcs
m10c118s 10 10 8 sideways 10.6  0.99 1.91 0.61 0.44 =T
m10c212s 10 10? 2 sideways 10.6  0.99 1.36 043  0.27 0.50
m10c214s 10 107 4  sideways 10.6 0.99 1.59 036 0.23 0.43
m10c218s 10 10% 8 sideways 10.6  0.99 1.91 0.30 0.19 0.36
m10c21230 10 107 2 30° 10.6  0.99 1.35 0.51 0.27 0.66
m10c21430 10 10? 4 30° 10.6  0.99 1.58 0.43 0.23 0.57
m10c21830 10 107 8 30° 10.6  0.99 1.91 036  0.19 0.47
m10c21860 10 102 8 60° 10.6  0.99 1.91 0.71 0.41 1.54
m10c21885 10 102 8 85° 10.6  0.99 1.91 1.53 098 4.93
m3c118s 3 10 8 sideways 3.17 0.88 1.91 0.72  7.06 23.8
m3c212s 3107 2 sideways 3.17 0.88 1.36 206 3.14 6.54
m3c2l4s 3107 4 sideways 3.17 0.88 1.59 1.76  3.04 6.27
m3c218s 3 102 8 sideways 3.17 0.88 1.91 1.46 2.82 5.92
m3c21230 3107 2 30° 3.17 0.88 1.36 323 414 7.07
m3c21430 3102 4 30° 3.17 0.88 1.59 2.69 3.61 6.41
m3c21830 3107 8 30° 3.17 0.88 1.91 2.11 3.12 5.64
m3c21860 3107 8 60° 3.17 0.88 1.91 525 593 8.90
m3c21885 3 102 8 85° 3.17 0.88 1.91 6.40 6.81 10.7
m3c318s 3 10° 8 sideways 3.17 0.88 1.91 2.03 258 4.52
m1.5¢118s 1.5 10 8 sideways 1.58 0.55 1.91 2.16 9.26 12.31
m1.5¢212s 1.5 10? 2 sideways 1.58  0.55 1.36 8.72 8.98 18.8
m1.5c2l4s 1.5 107 4 sideways 1.58 0.55 1.91 6.26  7.53 13.2
m1.5¢218s 1.5 102 8 sideways 1.58  0.55 1.91 5.36 6.61 12.2
ml.5¢21230 1.5 107 2 30° 1.58 0.55 1.36 7.73  9.15 17.96
ml.5¢21430 1.5 102 4 30° 1.58 0.55 1.36 7.04 8.26 13.33
m1.5¢21830 1.5 102 8 30° 1.58 0.55 1.36 6.03 6.85 13.78
m1.5¢21860 1.5 102 8 60° 1.58 0.55 1.36 7.50 7.32 14.47
m1.5¢21885 1.5 102 8 85° 1.58 0.55 1.36 8.08 7.84 13.66
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point) by the transmitted shock progressing through it, while the external shock
sweeps symmetrically around the outside of the filament and converges at the rear
of the cloud, creating a region of higher pressure compared to the pressure of the
ambient medium downstream of the cloud. The convergence of the external shock
on the z = 0 plane forces a secondary shock back through the cloud in the upstream
direction.

The filament reaches maximum compression at t =~ 0.39¢,. At this point the
transmitted shock has travelled through and exited the filament and has propagated
downstream, accelerating as it proceeds and dragging filament material with it. As
it exits the back of the filament the ends of the filament begin to display the effects
of diffracted shocks and some ablation of filament material by the surrounding flow
is observed (in line with the sideways filament in the M = 10 adiabatic simulation
presented in Pittard and Goldsmith (2016)). The ends of the filament at this point
are bent in the upstream direction; this bears some similarities with the sideways
filament of length / = 4 and density contrast ¥y = 10 embedded in a perpendicular
magnetic field in Chapter 3, where it was noted that care ought to be taken from an
observational point of view since the interpretation of such a filament might lead to
the conclusion that the shock was travelling in the -x direction. After this point (at
t = 0.661.), the filament expands due to rarefaction waves within it. A ‘tail shock’
(as noted in Pittard and Goldsmith 2016) is visible. The filament is then seen to
collapse in on itself at  ~ 0.95¢.; and become compacted in the direction of shock
propagation. Small RT fingers develop on the tips of the filament. Unlike in Pittard
and Goldsmith (2016), the upstream edge of the filament displays no obvious KH
instabilities at r = 0.921.; due to the quasi-isothermal nature of the interaction. The
filament is also much more compressed than in the aforementioned study and its
tail of ablated cloud material is much smoother. As noted in Pittard and Goldsmith
(2016), the filament forms a ‘three-rolled’ structure, though this becomes more

spread out as the filament material is ablated by the flow.
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Fig. 6.1 The time evolution of the logarithmic density for model m3c2/8s showing the xy
(top set of panels) and xz planes (bottom set of panels). The greyscale shows the logarithm
of the mass density, from white (lowest density) to black (highest density). The density in
this and subsequent figures has been scaled with respect to the ambient density Pamp, SO
that a value of O represents the value of p,mp and 1 represents 10 X p,mp. The density scale
used for this figure extends from O to 2.8. The first panel on each row shows the setup of
the simulation. The evolution proceeds from the second panel onwards, left to right, with
t =0.00¢, t =0.391,, t = 0.661., t = 0951, t = 2.161., and t = 2.821.;,. All frames
show the same region for y and z (—10 <y < 10 and —5 < z < 5, in units of r.). So that
the motion of the cloud is clear, the first 3 frames show —10 < x < 10. Frames 4-6 show
0 < x < 20, and the final frame shows 20 < x < 40. Note that in this and similar figures the
y and z axes are plotted vertically, with positive towards the top and negative towards the
bottom, whilst the shock is initially located at x = —10.

Figure 6.2 shows volumetric density renderings of the filament as a function
of time in the xz and xy planes, respectively. Owing to the focus on filament
material, this figure (and subsequent similar figures) does not show features such
as the bow shock or other elements of the ambient material or flow. The main
differences between this figure and figure 1 of Pittard and Goldsmith (2016) are that
the entrainment of filament material by the flow is much smoother in the current
figure (as expected by the lack of KH instabilities produced by the damping effect
of the quasi-isothermal equation of state) and thus there is no turbulent mass of
filament material located to the rear of the cloud. Moreover, a short tail of material
is observed to form on the axis behind the filament as the simulation progresses. The
three-rolled structure identified by Pittard and Goldsmith (2016) is present in this
figure (from ¢ ~ 0.95¢.; onwards), though the rolls are less tight and lose cohesion

as the filament is ablated by the flow.
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Fig. 6.2 A 3D volumetric rendering of model m3c2[8s. From left to right, top to bottom

the timings are t = 0.00%., t = 0.39¢5, t = 0.60¢.5, t = 0.95¢., t =2.161.5, and t = 2.821¢;.

The colour scale in this and similar figures indicates the density of the filament, normalised

by the density of the ambient medium, with the initial filament density being 100 (or red).

The ambient medium is not shown; therefore, the bow shock upstream of the filament is also
not visible.

6.4.2 Effect of filament orientation on the interaction

Figure 6.3 shows the interaction of an M = 3 shock with an obliquely-oriented
filament (i.e. one oriented at @ = 30° to the shock front). Unlike the sideways
filament in Figs 6.1 and 6.2 which was struck from the side, the filament in the
current figure is initially struck at its upstream-facing end. The external shock is
then channelled around the edge of the filament. At = 0.39¢., the external shock
has become fully diffracted around the filament and converges on the axis behind
the filament, interacting and causing shocks to be driven back into the rear of the
filament at an angle. At the same time, a transmitted shock is making its way through
the filament from the upstream side, leading to that part of the filament becoming
compressed and the filament taking on a wedge-shaped appearence. As the shock
moves through the filament, the bottom end of the filament expands whilst the top

end is steadily compressed (r ~ 0.66¢.). Filament material begins to be ablated
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Fig. 6.3 The time evolution of the logarithmic density for model m3¢2/830 showing the xz
(top set of panels) and xy planes (bottom set of panels). The greyscale shows the logarithm
of the mass density, from white (lowest density) to black (highest density). The density scale
used for this figure extends from O to 2.8. The first panel on each row shows the setup of
the simulation. The evolution proceeds from the second panel onwards, left to right, with
t =0.00¢, t =0.391,, t = 0.661, t = 0951, t = 2.161., and t = 2.821.,. All frames
show the same region in y and z (—5 <y < 5 and —10 < z < 10, in units of r.). So that
the motion of the cloud is clear, the first 4 frames show —10 < x < 10. Frame 5 shows
0 < x < 20, frame 6 shows 5 < x < 25, and the final frame shows 20 < x < 40.

from each end of the filament at r = 0.39¢7.; onwards and a vortex ring is visible at
the base of the filament. Meanwhile, an RT finger is evident at the top end of the
filament from # ~ 0.95¢.;. Considerably less turbulent stripping of filament material
is evident in the current figure and it is clear that the bow shock is much closer to the
upstream edge of the filament compared to the bow shock in figure 7 in Pittard and
Goldsmith (2016). Because of the RT finger, the flow of filament material stripped
by the surrounding flow is channelled behind and above the filament, though it is
much less turbulent. At ¢ = 2.16¢,; multiple shocks are present at the location of
the bow shock and are caused by shocks propagating back through the filament and
accelerating into the surrounding flow. Clumps of filament material are observed
to break away from the top of the filament, and the filament core mass has been
significantly ablated by the flow, though still retaining its structure. Figure 6.4 shows

how the filament forms a short turbulent wake at late times.

The interaction of a shock with a filament oriented at 6 = 60° to the shock front
(simulation m3c2[860) is shown in Figs 6.5 and 6.6. The initial morphology is not
dissimilar to that in simulation m3c2/830. However, at later times (from ¢ = 0.9517.

onwards) the filament length becomes compressed until it is less than half its original
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Fig. 6.4 A 3D volumetric rendering of model m3c2/830. From left to right, top to bottom
the timings are t = 0.007., t = 0.39¢., t = 0.661¢., t = 0.951,t = 2.16¢., and t = 2.82¢;.

length. The vortex ring located at the upstream end of the filament is much larger
than before, whilst the RT finger at the top of the filament and its associated wake of
filament material extends much further downstream. A double bow shock is observed

in the xy panels at later times.

Figures 6.7 and 6.8 show the interaction for simulation m3c2/885, a filament
lying almost end-on to the shock front. Here, the transmitted shock travels along
the entire length of the filament and a small vortex ring is visible at the upstream
end. Shocks are transmitted through the sides of the filament as the transmitted
and external shocks sweep through and around it. These sideways shocks, however,
produce less reverberation within the filament than in the comparable filament in
Pittard and Goldsmith (2016) and there is therefore considerably less voiding of
the filament in the present figures. There are two main differences between this
filament and that in Pittard and Goldsmith (2016). Firstly, the bow shock is located
immediately on the upstream edge of the filament and is sharply angled downstream
on either side, whereas that in Pittard and Goldsmith (2016) is much more rounded

and located at a distance from the filament edge. Secondly, the filament develops a
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Fig. 6.5 The time evolution of the logarithmic density for model m3¢2/860 showing the xz
(top set of panels) and xy planes (bottom set of panels). The greyscale shows the logarithm
of the mass density, from white (lowest density) to black (highest density). The density scale
used for this figure extends from 0 to 2.8. The first panel on each row shows the setup of
the simulation. The evolution proceeds from the second panel onwards, left to right, with
t =0.00ts, t =0.391., t = 0.661, t =0.951., t = 2.161,, and t = 2.82¢,,. All frames
show the same region in y and z (—5 <y < 5 and —10 < z < 10, in units of r.). So that
the motion of the cloud is clear, the first 4 frames show —10 < x < 10. Frame 5 shows
—5 < x < 15, frame 6 shows 0 < x < 20, and the final frame shows 5 < x < 25.

Fig. 6.6 A 3D volumetric rendering of model m3¢c2/860. From left to right, top to bottom
the timings are t = 0.007., t = 0.39%.5, t = 0.661., t = 0.951,5,t = 2.16¢., and t = 2.821¢;.
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Fig. 6.7 The time evolution of the logarithmic density for model m3c2/885 showing the xz
(top set of panels) and xy planes (bottom set of panels). The greyscale shows the logarithm
of the mass density, from white (lowest density) to black (highest density). The density scale
used for this figure extends from O to 2.8. The first panel on each row shows the setup of
the simulation. The evolution proceeds from the second panel onwards, left to right, with
t =0.00¢, t =0.391,, t = 0.661,5, t = 0951, t = 2.161., and t = 2.821,;. All frames
show the same region in y and z (—5 <y < 5 and —10 < z < 10, in units of r.). So that the
motion of the cloud is clear, the first 3 frames show —10 < x < 10. Frames 4 and 5 show
—5 < x < 15, and the final two frames show 0 < x < 20. Note that this simulation was run
at a slightly lower resolution of Rj¢.

smooth tail of material as the simulation progresses and broadly retains the shape of

its core, unlike in the previous paper.

6.4.3 Mach number dependence

The Mach number dependence of the interaction is now explored. Figure 6.9 shows
the interaction of a Mach 10 shock with a filament of ¥ = 10 and a sideways
orientation (simulation m10c2[8s). It is immediately clear that the filament undergoes
much greater compression in the x direction compared to the same filament struck
by a M = 3 shock, and that this compression occurs over a much shorter normalised
time-scale. Furthermore, the filament rapidly loses its core mass; much of the core
mass has been ablated by the flow by # ~ 1¢,,. This is a significant finding, and
one which is not observed in adiabatic shock-filament interactions for an M = 10
shock. It also contradicts the findings of Klein et al. (1994) and Nakamura et al.
(2006) in terms of their simulations using ¥ = 1.1 for the cloud (though it should
be noted that they used a spherical cloud and not a filament). With the bow shock

located so close to the upstream edge of the filament, RT fingers at each end of the
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Fig. 6.8 A 3D volumetric rendering of model m3c¢2/885. From left to right, top to bottom
the timings are t = 0.007., t = 0.39¢.5, t = 0.661¢., t = 0.951,,t = 2.16¢., and t = 2.82¢;.

filament are less in evidence, though most of the filament material is still lost from
the ends of the filament. This filament can also be compared to figs. 1-3 in Pittard
and Goldsmith (2016), thus highlighting the effect of only changing y from 5/3 to
1.01. Compared to the adiabatic M = 10 simulation, the quasi-isothermal shock in
the current figure has a far greater density jump than the adiabatic shock and thus
its interaction with the filament is much stronger. For example, it is clear that the
filament in figs. 1-3 in Pittard and Goldsmith (2016) is far less compressed compared
to that in model m10c2[8s. The quasi-isothermal filament also shows no evidence of
the ‘three-rolled’ structure present in Pittard and Goldsmith (2016). Moreover, the
transmitted shock in Fig. 6.9 travels through the filament much more quickly than in
figs. 1-3 mentioned above (cf. the third panel of Fig. 6.9 where the shock has exited
the filament by t = 0.271. (though the external shock is still sweeping around the
edge of the filament) with the fourth panel of figure 3 in Pittard and Goldsmith (2016)
which shows the transmitted shock exiting the cloud at ¢t = 0.531.). Noticeably,
the bow shock is located at the upstream edge of the filament, compared to being

located some distance away in figure 3 in Pittard and Goldsmith (2016). Moreover,

179



Isothermal shock-filament interactions

Fig. 6.9 The time evolution of the logarithmic density for model m10c2/8s showing the xy
(top set of panels) and xz planes (bottom set of panels). The greyscale shows the logarithm
of the mass density, from white (lowest density) to black (highest density). The density
scale used for this figure extends from O to 2.8. The evolution proceeds, left to right, with
t =0.05t.,t =0.161,,t = 0.27t,, and t = 0.961.;. All frames show the same region in y
and z (—10 <y < 10and —5 < z < 5, in units of 7). So that the motion of the cloud is clear,
the first three frames show —10 < x < 10. The final frame shows 10 < x < 30.

the quasi-isothermal filament has lost almost all its core mass by r = 1., whereas
the M = 10 adiabatic filament still has a significant amount of its core intact by this

point.

Figure 6.10 shows the interaction of a filament with a M = 1.5 shock (simulation
m1.5¢218s). It can be seen that the interaction is more gentle than that in model
m3c2[8s in that filament material is not strongly stripped from the filament ends and
channelled downstream behind the cloud. Instead, filament material is stripped over
a longer time-scale by the flow and the filament core remains reasonably intact for
much longer than in simulation m3c2/8s. Many more instabilities are present on the
surface of the filament throughout the simulation particularly during the early stages,
compared to the filament in model m3c2[8s. Moreover, the RT fingers located at the
filament ends are much more pronounced in the current figure and extend behind the
filament rather than upstream of it. Some clumps of filament material are observed

to break off the main core from around ¢ = 2.75¢.
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Fig. 6.10 The time evolution of the logarithmic density for model m1.5¢2[8s showing the xy
(top set of panels) and xz planes (bottom set of panels). The greyscale shows the logarithm
of the mass density, from white (lowest density) to black (highest density). The density
scale used for this figure extends from O to 2.8. The evolution proceeds, left to right, with
t =0.581,,t=1.92t.,t =2.75t.,t = 3.581., and t = 4.35¢.,. All frames show the same
region in y and z (—10 <y < 10 and —5 < z < 5, in units of r.). So that the motion of the
cloud is clear, the first frame shows —10 < x < 10. The next three frames show 0 < x < 20,
and the final frame shows 5 < x < 25.

o9

6.4.4 yx dependence

I now investigate the dependence of the interaction on the filament density contrast.
Figure 6.11 shows the effect on the interaction when y = 103. The most obvious
contrast between the filament in this simulation and that in m3c2I8s is the thickness
of the filament once the transmitted shock has progressed through it. In addition, the
filament forms a much more angular shape compared to the previous model. At later
times, the filament retains its thin, ‘C’-shaped morphology in the xy plane whilst a
considerable density of filament material is present at the rear of the filament forming
a long but wide wake. Note that the resolution of this simulation was Rjg, in contrast

with the rest of the simulations.

Figure 6.12 shows the interaction when y = 10. At ¢ = 0.741., the filament is
compressed and its filament tips are bent downstream behind the filament, unlike
in similar simulations where y = 10? or 103. The bow shock is initially located
very close to the filament. However, by t = 1.561., it has moved further upstream.

Neither this filament nor that in Fig. 6.11 show the three-rolled structure visible in
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Fig. 6.11 The time evolution of the logarithmic density for model m3c¢3/8s showing the xy
(top set of panels) and xz planes (bottom set of panels). The greyscale shows the logarithm
of the mass density, from white (lowest density) to black (highest density). The density
scale used for this figure extends from O to 3.7. The evolution proceeds, left to right, with
t =0.10¢,,t =0.29¢.,t = 0.871.5,t = 1.15¢,, and t = 1.411¢.,. All frames show the same
region in y and z (—10 <y < 10 and —5 < z < 5, in units of r.). So that the motion of the
cloud is clear, the first frame shows —10 < x < 10. Frame 2 shows —5 < x < 15, frames 3
and 4 show 0 < x < 20, and the final frame shows 5 < x < 25. Note that this simulation was
run at a slightly lower resolution of R .

Fig. 6.2. This result is interesting because the three-rolled structure was seen in the

2 = 103 simulation presented in figure 24 in Pittard and Goldsmith (2016).

6.4.5 Statistics

I will now explore the evolution of various global quantities of the interaction,
starting with the simulations with M = 3 and )y = 10%. I will then consider the Mach-
and x-dependency of the global quantities. Figures 6.13 to 6.16 show the time
evolution of these key quantities, whilst Figs 6.19 and 6.20 and Table 6.1 present
various time-scales taken from these simulations.

Considering first the evolution of the filament core mass, mcgre, Fig. 6.13 a) shows
the decline in core mass for filaments of differing length with M = 3, y = 10%, and a
sideways orientation. Also shown are the results for a spherical cloud. It can be seen
that the time taken for the core mass to be destroyed is very similar for all lengths of
filament (circa t = 71.,), though the filament with length / = 8 is destroyed slightly
faster. Figure 6.13 b), where the filament is orientated at 8 = 30° to the shock front,

shows some slight variation, with shorter filaments surviving for slightly longer
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Fig. 6.12 The time evolution of the logarithmic density for model m3c1/8s showing the x —y
(top set of panels) and x — z planes (bottom set of panels). The greyscale shows the logarithm
of the mass density, from white (lowest density) to black (highest density). The density
scale used for this figure extends from O to 1.7. The evolution proceeds, left to right, with
t =0.33¢,,t =1.05¢.,t = 1.90t.,t =2.95¢,, and t = 6.281.,. All frames show the same
regioniny and z (—10 <y < 10 and —5 < z < 5, in units of r.). So that the motion of the
cloud is clear, the first 2 frames show —10 < x < 10. Frame 3 shows 0 < x < 20, frame 4
shows 20 < x < 40, and the final frame shows 30 < x < 50.

normalised times than longer ones, though interestingly the spherical cloud mirrors
the behaviour of the filament with length / = 8, which is odd given the greater mass
of the filament compared to the spherical cloud. However, when these two figures
are compared with Fig. 6.13 c), which presents filaments with various orientations
but a length of / = 8, it can be seen that there is much more variety in the rate of
mass loss. Filaments aligned more closely to the shock front (i.e. filaments at 8 = 0°
and 30°) lose mass much more quickly than those oriented more ‘end-on’ to the
shock. Indeed, the filaments with very small angles of orientation have near-identical
profiles, in contrast to the results presented in Pittard and Goldsmith (2016). It is
interesting to note that my results differ slightly from those in Pittard and Goldsmith
(2016), where the filament orientated at 8 = 60° had the slowest degree of mass
loss, in that the filament orientated at 6 = 85° took the longest to be destroyed in my
work. The spread in the rate of mass loss with orientation angle is also much greater
than shown in figure 28 in Pittard and Goldsmith (2016) for filaments with M = 10
and y=15/3.

Figure 6.14 shows the time evolution of the x and z centre-of-mass positions of

the filament for simulations with M = 3 and y = 10%>. When considering first the x
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Fig. 6.13 Time evolution of the core mass, m¢qre, normalised to its initial value, for various
simulations with M = 3 and y = 102. The left-hand panels are for ‘sideways’ simulations, the
centre panels are for simulations with 6 = 30°, while the right-hand panels are for filaments
with [ = 8.

centre of mass the variation of the results in both panels a) and b) is immediately
clear. This shows that filaments of increasing length are accelerated downstream at a
much faster velocity than shorter filaments, agreeing with the results presented in
Pittard and Goldsmith (2016). However, compared to the results in that paper, the
simulations in Fig. 6.14 a) and b) show that the acceleration of all filaments is nearly
half as much as rapid again. Some uniformity in filament acceleration/position of
the centre of mass is found in panel c), at least in terms of filaments of orientation
0 < 30°. However, there is also a clear gap between filaments with 6 = 0 —30° and
those with 8 = 60 — 85°. This may be because the latter present less of their surface
area to the shock front. This also agrees with the results of Pittard and Goldsmith

(2016).

Considering the time evolution of the filament centre of mass in the z-direction
(Figs 6.14 d-f), no movement of the filament is observed in the z-direction for
filaments with a sideways orientation. This is due to the effects of symmetry. When
considering panel e), though, it is clear that these filaments are pushed downwards
after the shock has overrun them; the filament with length / = 8 shows far greater
displacement than that with length / = 2 because there is more cloud material present
to feel the effects of the shock. In comparison with the adiabatic simulations in

Pittard and Goldsmith (2016), where the longest filament with an orientation of
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Fig. 6.14 The time evolution of the x and z centre-of-mass position of the filament for various
simulations (the same simulations as in Fig. 6.13). The middle panels show simulations with
6 = 30°, while the right-hand panels are for filaments with / = 8.

0 = 30° experienced a displacement of up to 107, at later times, the filaments in
my simulations are displaced by between 3.5 — 6.5r,, and thus experience much
less displacement. In Fig. 6.14 f) it can be seen that the orientation of the filament
has a much larger impact on the displacement of the filament in the z-direction. In
contrast to the results presented in Pittard and Goldsmith (2016), the filament with
an orientation of 8 = 60° shows as much displacement as a filament with 6 = 30°.
However, the uplift observed in the filament orientated at 0 = 85° is similar but
this time occurs at around ¢ &~ 51, (as opposed to 7 ~ 11.; in the M = 10, y =5/3
case). This filament is also displaced much more in the z direction. There is also
much more of a downward push in this panel for filaments orientated at 6 = 30° and

0 = 60° compared to the other two filaments.

The time evolution of the mean filament velocity in the direction of shock
propagation is shown in Fig. 6.15 a) to c). All panels show that the asymptotic
velocity reached by the filaments is very similar, though there is some variation within
this in that longer filaments accelerate faster than spherical clouds. The asymptotic

velocity is reached by # ~ 57, in the first two panels. Filaments which are sideways
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to the shock front or orientated at 6 = 30° have near identical acceleration, though
again there is some variation according to filament length with shorter filaments
accelerated more slowly than longer ones. Moreover, the spherical cloud is shown to
accelerate faster than the filaments between t ~ 2 — 3¢.,. When the filament length
[ = 8 and the filament orientation is varied there is much greater variance in filament
acceleration and a clear split is observed between filaments with small angles of
orientation and those with large angles of orientation; the latter are accelerated up to
the ambient flow velocity at a much slower rate whilst the sideways filament shows
the fastest acceleration. This split is far less pronounced when M = 10 and y=5/3
(cf. figure 30 in (Pittard and Goldsmith, 2016)).

In terms of the mean velocity perpendicular to the direction of shock propagation,
Fig. 6.15 d) shows no movement for filaments oriented sideways to the shock (cf.
with Pittard and Goldsmith (2016) where there was slight oscillation about zero
vp). However, for obliquely-oriented filaments and filaments with / = 8 and variable
orientations there is considerable variety (panels e and f, respectively). When
the filament orientation is 8 = 30° (panel e), the maximum velocity increases with
increasing filament length (with the filament with / = 8 attaining a maximum absolute
velocity of almost +0.1v,) owing to the fragmentation of the filament core in the
transverse direction. This maximum velocity soon drops back to zero again for
all filaments once the filament core has been ablated by the flow and is unable to
significantly fragment any further. However, in panel f) the picture is much more
complex. The filament orientated at & = 85° shows a small net positive velocity but
then oscillates between negative and zero z-velocities until reaching an equilibrium at
zero. Meanwhile, the filament with 8 = 30° exhibits the greatest negative z-velocity
(reaching v, =~ —0.08v};), in agreement with the comparable filament in Pittard and
Goldsmith (2016) (cf. with their figure 30).

Figure 6.16 shows the filament velocity dispersion in each direction. There is

reasonable agreement between the simulations when the cloud is orientated sideways

186



6.4 Results

a) Variable IengtH, sideways b) Variable IengtH, oblique c) Variable orientation
10 | 1 1

08 - +

06 [ T

<V cloud™ (Te)

04 | +

18 e

0.2 1 14 1
00 } s}phencal
d) e)
0.00
£ 005 | A
A
5
3
o
& =040 - + +
v
6=85 =—
015 8 — T B — T =60 ——
14 14 0=30
12 = 12 = 6=0 =——
0.20 . . . . .
0 5 10 0 5 10 0 5 10
Time (tes) Time (tcs) Time (t;s)

Fig. 6.15 As Fig. 6.13 but showing the time evolution of the filament mean velocity in the
direction of shock propagation ({Vy cioud)) and in the z-direction ((v; oud)). The middle
panels again show simulations with 8 = 30°, while the right-hand panels are for filaments
with [ = 8.

or obliquely to the shock, and the maximum peak velocity distribution is almost
homogenous with a peak at between 0.06 and 0.17 v;,. In contrast, panels c), ), and
1) show much greater variance in the velocity distribution in all directions and far
less uniformity. The greatest maximum velocity distribution is in 8vy ¢/ Where the
filament oriented 8 = 60° to the shock normal reaches just over 0.20 v;,. Compared to
figure 31 in Pittard and Goldsmith (2016), panels f) and i) have much more variation
between the models, with the filaments oriented 8 = 30° and 6 = 0° achieving peak
velocity dispersion in the y- and z-directions at earlier times.

The Mach dependence of nicore, (Vi cloud)» and (Xcioud) for filaments with [ = 87
and oriented sideways to the shock front is now investigated. Figure 6.17 shows
these global quantities for simulations with y = 10 and 10?. In line with Pittard and
Goldsmith (2016) I find that mq declines much more slowly as M is reduced (with
filaments in simulations with M = 10 declining extremely rapidly in < ., in contrast
to the aforementioned paper and also in contrast to the findings of Nakamura et al.
(2006) with respect to their two simulations where ¥ = 1.1), and that the acceleration

and centre of mass position of the filament, as evidenced by (vy cioud) and (Xcioud)-
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Fig. 6.16 As Fig. 6.13 but showing the time evolution of the filament velocity dispersion in
each direction. The middle panels again show simulations with 8 = 30°, while the right-hand
panels are for filaments with / = 8.
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Fig. 6.17 The Mach number dependence of the evolution of mcore, (Vx cloud)» and (Xcioud), for
filaments with / = 8 r. and oriented sideways to the shock front.

both reduce as M decreases. Panel f) shows that the filament centre of mass is moved
downstream slightly more slowly when M = 3 compared to when M = 10, though
there is a clear difference between these two filaments and that when M = 1.5, where

the centre of mass is extremely slow to move downstream.

Figure 6.18 shows the ¥ dependence of mcore, (Vi cloud)> and (Xcioud) for simula-

tions with M = 3 and filaments with / = 8 r. and oriented sideways to the shock.

In terms of (v, cioud) (panel b) of Fig. 6.18) the lower y filament experiences
a faster acceleration up to the asymptotic velocity of the flow but, in comparison
with the other two filaments which show very similar profiles, its velocity then drops
below the asymptotic value before very slowly climbing back up again. Filaments
with a lower density contrast are also slower to lose mass compared to those with a
higher density contrast. Panel c) shows great variation between all filaments in the

movement of the filament centre of mass downstream. When y = 103 the filament
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Fig. 6.18 The y dependence of the evolution of mcere, (Vx cloud), and (Xcioud), for M = 3 and
filaments with [ = 8 r, and oriented sideways to the shock front.
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Fig. 6.19 4., as a function of the filament length (left-hand and middle panels) and orien-
tation (right-hand panel), from simulations with varying Mach number and y = 10?. The
‘oblique’ simulation results noted in the middle panel are for & = 30°, while the right-hand
panel is for filaments with / = 8.

experiences a rapid acceleration of its centre of mass, whereas that when y = 10 is
far slower to move downstream (normalised to 7.5). Again, this figure compares well

to figure 33 in Pittard and Goldsmith (2016).

6.4.5.1 Time-scales

Figures 6.19 and 6.20 show values of #qr,; and #yix, respectively, for simulations
withM=15,M=3,and M =10and y = 102, as a function of both the filament
length and orientation. Panel a) of each figure shows values taken from simulations
where the filament is oriented sideways to the shock front and where the filament
length is varied. Panel b) of each figure shows values taken from simulations where
the filament is oriented obliquely (i.e. at & = 30°) and the length varied. Panel c)

shows values taken from simulations where the filament has length / = 8 but its angle
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Fig. 6.20 7,,ix as a function of the filament length (left-hand and middle panels) and orientation
(right-hand panel), from simulations with varying Mach number and y = 10?. The ‘oblique’
simulation results noted in the middle panel are for 8 = 30°, while the right-hand panel is
for filaments with / = 8.

of orientation is varied. Values for both time-scales (along with the filament lifetime)

are also noted in Table 6.1.

Figure 6.19 a) and b) shows that filaments in quasi-isothermal simulations with
M = 3 and M = 10 have smaller values of 74, compared to those in the adiabatic
M = 10 simulations presented in Pittard and Goldsmith (2016), indicating that
filaments in the former simulations are accelerated at a faster rate. However, when
the Mach number is 1.5 in the quasi-isothermal simulations the values of 74, much
greater. There is also a trend in both sets of results for 74, to decrease as the filament
length increases, though this effect is most visible in the M = 1.5 quasi-isothermal
simulations. Filaments orientated at & = 30° to an M = 3 shock front show a clear
difference to those oriented sideways, with the latter showing greater acceleration
than the former. However, those in simulations with M = 10 and M = 1.5 are broadly
similar. Panel ¢) shows that 74, increases with increasing angle of orientation for
simulations with M = 1.5 and M = 3 until 8 = 60° when it begins to tail off broadly
in line with the results presented in Pittard and Goldsmith (2016). However, the
results for simulations with M = 10 do not exhibit such a tailing-off. It is clear that
filaments in simulations where M = 10 have very rapid acceleration regardless of

the orientation or length of the filament, with the exception of filaments oriented at
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0 = 60° and 6 = 85°, though even these results are significantly different to those
where the Mach number is different.

Figure 6.20 a) and b) shows a general trend for #,,ix to decrease with increasing
filament length for sideways and oblique filaments in simulations where M = 1.5
and M = 3. Sideways-orientated filaments experience mixing of core material on
a slightly shorter time-scale compared to obliquely-orientated filaments but there
is less variation in the results, indicating that the length of the sideways filaments
is of less importance for #,,;x compared to when the filament has an orientation of
0 = 30°. Panel c) shows that 7,,;x increases with the angle of orientation, though it
shows far less of a reduction when the filament is oriented at & = 85° compared to
the adiabatic results (see figure 34 in Pittard and Goldsmith (2016)). In this panel the
M = 3 simulations show far more variety in mixing times compared to simulations
with different Mach numbers. It is noticeable that the mixing times of filaments in
simulations with M = 10 are far more linear and the values extremely low, indicating
that neither filament length nor an orientation at an oblique angle are important for
the mixing time, but that the filament core is mixed very rapidly. It is only as the
angle of orientation of the filament becomes 6 > 30° that there is any increase in

Imix for these filaments.

6.5 Discussion

Isothermal filaments, and particularly their fragmentation, have been well studied on
a theoretical basis in previous years. However, such studies have tended to assume
an isothermal filament of infinite length, which is unrealistic. The assumption of
isothermality on its own, however, may be reasonable under certain circumstances.
For example, Heigl et al. (2016) discuss the use of isothermality as a valid approach
in the case of the L1517 dark cloud in Taurus which contains filamentary structure

punctuated by dense cores. In this case, the density profiles appear to match the
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isothermal profile and the profile of three of the four studied filaments could be
reproduced by that of an isothermal cylinder. In contrast, Hosseinirad et al. (2018)
found that more recent observations of filamentary molecular clouds indicate filament
properties which deviate from those described by an isothermal equation of state.
They therefore compared the gravitational instability of a filamentary molecular cloud
under both isothermal and softer non-isothermal equations of state and found that the
filament was more unstable with the latter equation of state. In addition, Di Cintio
et al. (2018) found that although earlier observations of filaments showed density
profiles consistent with those of an isothermal cylinder, more recent observations
are again better described by power laws even softer than the isothermal case; thus,
such filaments can be considered to have a non-thermal state (see also Toci and
Galli (2015)). The use of an isothermal cylinder was first proposed by Ostriker
(1964); however, this may no longer be a reasonable approach when studying the
fragmentation of filaments (Chira et al., 2018). The filaments in the current chapter
deviate from the constraints of an isothermal cylinder since they have quantifiable
lengths and rounded ends; thus some of the caution exercised by the above studies
may be relaxed in my case. Moreover, although my study was intended to represent
an idealised scenario rather than one directly comparable to specific cases through
the use of an isothermal equation of state, the findings of Heigl et al. (2016) are
encouraging when considering the relevance of my work to observations.

Apart from those numerical studies noted in Tables 1.1 and 1.2 in Chapter 1, there
have been very few numerical studies of shock-filament/wind-filament interactions
in the literature in the last couple of years. Studies which have been published tend to
include MHD and self-gravity, neither of which are pertinent to the current research
in this chapter, and are specific to particular astrophysical environments. Other
studies include cloud-cloud collisions which lead to filament formation (Inoue et al.,
2018) and wind-cloud interactions which evolve to form filaments (Banda-Barragan

et al., 2018). There are, to my knowledge, no other recent scale-free numerical
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studies which have investigated the evolution of a filament interacting with either a

shock or a wind. This, therefore, precludes any detailed comparison with my work.

6.6 Summary and Conclusions

In this chapter, I investigated the hydrodynamic interaction of a quasi-isothermal
shock with a filament in a non-magnetised medium. This work extends the work
previously presented in Pittard and Goldsmith (2016) into an isothermal regime where
Y= 1.01, and complements the MHD adiabatic shock-filament results presented in
Chapter 3. I performed 3D calculations in which I varied the filament length and
angle of orientation to the shock front and I investigated the nature of the interaction
when the shock Mach number or cloud density contrast were varied. My focus was
on the interaction of a Mach 3 shock with a filament since this was a more realistic
case for an isothermal shock than a Mach 10 shock. Although this chapter is a work
in progress, the following main conclusions can be noted.

i) Only sideways-oriented filaments with y = 10? form a three-rolled structure,
dissimilar to the findings of Pittard and Goldsmith (2016). Filaments oriented at
other angles to the shock front instead form elongated structures with turbulent wakes
and their morphology is dominated by the formation of a vortex ring at the upstream
edge of the filament, whilst filaments with different values of y are bent into a ‘C’
shape;

i1) The greater the angle of orientation, the longer and less turbulent the wake,
with the filament core in model m3c2/885 becoming highly elongated and remaining
relatively intact for some considerable time. Such filaments do not spill turbulent
core material from their upper edge but rather lose material smoothly from the
filament edges;

iii) Most filaments showed a tendency for turbulent stripping of cloud mate-

rial and the loss of clumps of material to the flow during the initial stages of the
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interaction. However, the filament oriented at 6 = 85° shows no such tendency
towards fragmentation in the early stages (up until at least t ~ 3¢.,), thus indicating
the longer-lived nature of this filament;

iv) I find that filament length is not important for mass loss when the filament
is oriented sideways. However, there is a clear differentiation when the angle of
orientation is varied, with those filaments oriented at angles 8 > 60° much slower to
lose mass than those with smaller angles of orientation. This split between small and
large angles of orientation is also evident in the movement of the core centre of mass
in the x direction and in the average velocity in the x direction;

v) Values of 74, for sideways and oblique filaments decline as the filament
length increases. Filaments in a quasi-isothermal interaction have smaller values of
ldrag (1.€. are accelerated faster) than filaments in an adiabatic interaction. Moreover,
considering only the filaments struck by a quasi-isothermal shock, sideways filaments
are accelerated much faster than obliquely oriented ones. When the filament angle
of orientation is varied, f4r,¢ increases as the angle is increased, until the value of
ldrag begins to plateau, indicating the possible beginning of Mach scaling. #y,;x shows
similar results to the above;

vi) The normalised evolution of the filament becomes significantly more rapid
at high Mach numbers (M = 10) and there is far more variation with Mach number
compared to adiabatic simulations.

As noted above, the work contained in this chapter is ongoing and is therefore
a work in progress. Future work should therefore include much more detailed
discussion of these results as well as a dedicated 3D MHD study of an isothermal

shock striking a filament.
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Chapter 7

Conclusions

7.1 Summary

The work presented in this thesis has added to the body of literature on shock-
cloud/shock-filament and wind-cloud interactions and has furthered our understand-
ing of such interactions in three main ways: 1) it has pinpointed the most favourable
conditions for the survival of filaments in a magnetised medium; 2) it has highlighted
discrepancies between shock-cloud and wind-cloud simulations; and 3) it has noted
the huge variation in filament evolution between high and low Mach numbers in
isothermal simulations. I summarise below the main results from my work, followed
by a brief discussion of potential future work and some concluding remarks.

In Chapter 3 I investigated the interaction between a filament embedded within a
magnetised medium and a shock wave and used a large parameter space to explore
the various conditions that would influence the evolution and destruction of the
filament. I found that the orientation of the magnetic field (parallel or perpendicular)
to the shock normal has a major impact on the interaction, though (as also noted
in van Loo et al. (2010)) the field orientated at 45° to the shock leads to behaviour
similar to that produced by the perpendicular field. A parallel field allows the field

lines to penetrate into the filament, hastening its destruction, whilst perpendicular
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field lines are dragged around the leading edge of the filament, shielding it from the
full effects of the post-shock flow and allowing the flow to move along the field lines.
Secondary to the orientation of the field, the orientation of the filament itself to the
shock front has a large effect on the interaction. However, changes to the aspect ratio
of the filament are less important in terms of the filament mass-loss rate, unless the
aspect ratio is very small, in which case the filament begins to resemble a spherical
cloud.

In a parallel field, filaments orientated ‘end on’ (or at 8 = 90°) to the shock
front are destroyed more quickly than those oriented ‘broadside’ (8 = 0°), though
the filament lifetime remains greater than that of the hydrodynamical case due to
the action of the field lines in resisting the compression of the filament by the
converging flow. However, only end on filaments develop significant, well-defined
linear structures (‘flux ropes’) on the downstream axis; this is caused by compression
of the field lines at this point which increases the magnetic pressure and prevents
the post-shock flow from entering the area. Varying the cloud density contrast
between the filament and the surrounding medium influences the lifetime of the
filament. High density contrasts lead to the rapid destruction of the cloud through
the formation of turbulent instabilities on the filament edge which help to tear it
apart, subsequently mass-loading the flow with cloud material. The increase in the
density contrast is, therefore, linked to the growth of hydrodynamic instabilities
in the parallel field case. Low Mach numbers (i.e. a milder shock) can prevent
the filament from being destroyed, and the filament retains its initial morphology
over a long time-scale. Thus, the lower the Mach number, the longer the filament
lifetime. In terms of the acceleration of the filament to the velocity of the post-shock
flow, filaments orientated broadside to the shock front are initially accelerated faster
than those orientated more end on due to the greater surface area presented to the
shock front. In addition, filaments orientated at 8 = 30° and 90° overshoot and then

decelerate to the value of the post-shock flow velocity, possibly due to the release of
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built-up tension in the field lines. Finally, filaments in a parallel field are compressed
into a disc-like shape when observed in 3D.

A perpendicular (or oblique, 45°) field is more conducive to extending the
lifetime of the filament since the field lines wrap themselves around the leading
edge of the filament and reduce the penetration of the post-shock flow into the cloud.
The snapping back of the field lines as they release tension, as well as the build
up in magnetic pressure on the upstream side of the filament, allows filaments in
such field orientations to be more rapidly accelerated to the post-shock flow velocity.
Moreover, filaments in these fields remain at a higher density for longer and are
drawn into long, smooth tendrils. However, flux ropes do not form behind end on
clouds in these field orientations, in agreement with earlier studies. Unusually, the
filament orientated broadside to the shock front is bent into a ‘C” shape when viewed
in the xz plane, with the ends of the ‘C’ unusually facing back upstream. This may
have implications with respect to interpretation of the data from an observational
point of view as it suggests that the filament may have been struck from its rear
side, rather than the upstream side as in my work. Unlike in the parallel field case,
increasing the cloud density contrast does not lead to the rapid destruction of the
cloud. Conversely, it provides more favourable conditions for the damping of the
formation of turbulent instabilities on the filament’s surface, allowing the filament
to be stretched downstream and survive for a considerable time. Dissimilar to the
parallel field case, filaments in a perpendicular or oblique field are compressed into a
sheet-like shape in 3D. As before, a low shock Mach number significantly prolongs
the lifetime of the filament.

Given the above, the conditions that best extend the lifetime of a filament em-
bedded in a magnetised medium are a combination of a mild shock (e.g. of Mach
number = 1.5), a filament orientation of 8 = 45° to the shock front, and a strong
magnetic field with a perpendicular or oblique orientation. These conditions can lead

to the indefinite survival of the cloud.
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In Chapters 4 and 5, I conducted a 2D comparison of shock-cloud and wind-cloud
simulations using a spherical cloud in a non-magnetised medium. My motivation was
to explore the degree to which wind-cloud studies could be described as a particular
case of the shock-cloud problem where the cloud is embedded in a post-shock flow
without the initial shock. A comparison of both types of interaction using a cloud
density contrast of 10 revealed there to be significant morphological differences
between the two interactions. Firstly, clouds embedded in a mildly supersonic wind
form lower density, low-pressure regions on their downstream axis formed by the
initial motion of the wind removing gas from behind the cloud - a feature not observed
in shock-cloud simulations. Secondly, clouds interacting with winds also undergo
less compression in the axial direction during the initial stages of the interaction
than equivalent clouds that are struck by a shock. The cloud in the wind-cloud case
retains a more rounded shape compared to the cloud in the shock-cloud case which
forms an oblate spheroid. This contrast is due to the different ways that the flow
is diffracted around the cloud in each case. Finally, there are large differences in
the manner in which the shock that is transmitted through the cloud behaves. In the
shock-cloud case, the transmitted shock is much flatter than that in the wind-cloud
case. Increases to the effective Mach number of the wind (Myi,q) lead to further
morphological differences not only between the shock-cloud simulation but also
among the wind-cloud simulations themselves. As My q increases, the region of
low pressure behind the cloud in the low-Mach-number wind-cloud case becomes a
highly supersonic cavity and expands rapidly in the direction of wind propagation,
elongating as it does so. Moreover, the density jump just behind the bow shock
increases towards the high Mach number limit and the stand-off distance between
the bow shock and the leading edge of the cloud decreases, leading to a reduction
in the normalised velocity of the shocked gas around the cloud’s flanks due to the

higher compression at the bow shock and reducing the growth of KH instabilities.
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Remaining with the ¥ = 10 simulations, differences between the two interaction
types are also evident from the statistics. For example, as My,iyq increases, the cloud
mixing time also increases up to the high Mach number limit (i.e. Myinq = 10),
which is in contrast to the results of a previous shock-cloud study and is due to the
less effective stripping of cloud material by the flow. In addition, clouds embedded in
winds with high My;,q survived for much longer and travelled over greater distances
(up to 47 r, for the highest M,j,q simulation by the time the core mass had reduced
by half) than previous wind-cloud studies had shown. My work is also the first to
display Mach scaling in the high Mach number limit for a wind-cloud simulation.
For example, I found that the density jump asymptotes to 4.0 for y = 5/3, whilst the
stand-off distance between the bow shock and the cloud centre asymptotes to 1.28 7.

When  is increased to 103, only minor morphological differences are noted be-
tween the low My,i,q wind-cloud and shock-cloud simulations whilst the transmitted
shock progresses through the cloud, in contrast to the above. However, once the
shock has exited the rear of the cloud a long, low-density turbulent wake is formed
in both cases, though whilst the cloud core in the case of the shock remains relatively
intact and is drawn out along the r = 0 axis, that in the case of the wind fragments
in all directions, mass-loading the flow, and the evolution of the turbulent wake is
severely disrupted. As Myinq increases, a smooth, thin tail of cloud material drawn
from the rear and side of the core forms in the wind-cloud case, dissimilar to the tur-
bulent wake created in the shock-cloud case. However, this tail is short-lived. When
the statistics are taken into account, it is found that high-density clouds are capable of
being moved many 100s of r. downstream of the original cloud position, in contrast
to previous wind-cloud studies, due to their large reservoir of mass which is able to
generate longer-lived structures. Moreover, the normalised cloud lifetime is found to
increase with increasing My,i,q. However, in contrast to the findings of Chapter 4,
the normalised cloud mixing time is shorter at higher values of . Moreover, there

is no clear evidence of Mach number dependence for either the mixing time or the
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cloud drag time. Interestingly, these two time-scales for comparable shock-cloud
simulations that do show a Mach number dependence appear to converge towards the

Mach number-independent wind-cloud time-scales as the Mach number is increased.

Chapter 6 presented the results of 3D isothermal shock-filament interactions in a
non-magnetised medium. As with the MHD simulations presented in Chapter 3 I was
able to vary a large number of parameters pertaining to the filament and surrounding
flow/shock. The main (and most surprising) result is that the evolution (normalised
to t.5) of sideways-oriented filaments with length / = 8 is significantly more rapid
at high Mach numbers (M = 10), with the filament core mass almost completely
destroyed by ¢ ~ 11.,. This contrasts with the behaviour of comparable filaments in
previous adiabatic simulations and contradicts the results of previous shock-cloud
simulations where ¥ = 1.1 for the cloud. This behaviour arises from the greater
interaction between the shock and the filament caused by an increase in the density
jump of the shock in isothermal simulations. The ¥ dependence of the interaction
for filaments with / = 8 and M = 3 shows that only filaments with y = 10 form
the three-rolled structure seen in Pittard and Goldsmith (2016). Moreover, when the
angle of orientation of the filament’s major axis to the shock front is varied, filaments
which are created at an oblique angle to the shock form instead a long and turbulent
wake on their downstream edge, with clumps of core material breaking away from
the flow of material originating from the filament ends. However, as the filament
orientation becomes more ‘end on’ to the shock front, the wake becomes much more
smooth and the core longer-lived. I find that values of 745, and #y,;x for sideways and
oblique filaments with M = 3 decline as the filament length increases. Filaments in
an isothermal interaction have smaller values of 74, (i.€. are accelerated faster) and
mix than filaments in an adiabatic interaction. When the filament angle of orientation
is varied, Zqrag and fyix increase as the angle is increased (i.e. the filament becomes

more ‘end-on’).
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7.2 Future work

The work presented in Chapters 3 and 6 provides a relatively comprehensive study of
shock-filament interactions. However, although I included the approximated effects
of radiative cooling using a softened equation of state in an HD shock-filament study,
inclusion of an isothermal MHD study in the literature would be of great interest,
particularly since the effects of an isothermal MHD wind-cloud interaction leading
to the formation of a filament have previously been explored (Banda-Barragén et al.,
2016). Given that Chapter 6 showed that an isothermal interaction leads to more
rapid destruction of the cloud as the Mach number is increased it would be of interest

to explore this effect in a more detailed study.

Although the simulations presented in Chapters 3 and 6 were performed in 3D,
those in Chapters 4 and 5 were instead performed in 2D. A 3D study would, however,
provide greater realism for simulations extending for many cloud-crushing times (z..)
(particularly since a previous study noted the presence of some differences between
2D and 3D simulations after about 3.667..). In addition, a number of previous
wind-cloud studies have included radiative cooling models and have noted the strong
effect such models have on the results. Therefore, the inclusion of radiative losses in
the calculations in the above two chapters would again render the simulations more

realistic.

Although scale-free, the above idealised studies are of great use in isolating
the effects of specific processes on the interaction. However, closer comparison
with observations would also be of use. In particular, the production of synthetic
simulations of observational data relating to filaments would give a more complete

picture of filament formation and evolution in the ISM.
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7.3 Concluding remarks

This thesis presents the first simulations of a shock-filament interaction in both
magnetised and isothermal media. Moreover, it presents the first comparison between
shock-cloud and wind-cloud studies. The simulations are intentionally simplified
and scale-free and, as such, are unable to be directly compared to observations.
Nonetheless, I believe that the results presented in this thesis will help to further our
understanding of the processes driving and shaping the interstellar medium and will

lay the ground-work for future, complex studies.
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