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ABSTRACT

Interactions between global coronal waves (CWs) and coronal holes (CHs) reveal many interesting features of reflected
waves and coronal hole boundaries (CHB) but have fairly been studied so far. Magnetohydrodynamic (MHD) simulations
can help us to better understand what is happening during these interaction events, and therefore, to achieve a broader
understanding of the parameters involved. In this study, we perform for the first time 2D MHD simulations of a CW-CH
interaction including a realistic initial wave density profile that consists of an enhanced as well as a depleted wave part.
We vary several initial parameters, such as the initial density amplitudes of the incoming wave, the CH density, and
the CHB width, which are all based on actual measurements. We analyse the effects of different incident angles on
the interaction features and we use the corresponding time-distance plots to detect specific features of the incoming
and the reflected wave. We found that a particular combination of a small CH density, a realistic initial density profile
and a sufficiently small incident angle lead to remarkable interaction features, such as a large density amplitude of the
reflected wave and a larger phase speed of the reflected wave with respect to the incoming one. The parameter studies
in this paper provide a tool to compare time-distance plots based on observational measurements to those created from
simulations and therefore enable us to derive interaction parameters from observed CW-CH interaction events that
usually cannot be obtained directly. The simulation results in this study are augmented by analytical expressions for
the reflection coefficient of the CW-CH interaction which allows us to verify the simulations results in an additional
way. This work, with its focus on parameter studies regarding the initial density profile of CWs, is the first of a series
of studies aiming to finally reconstruct actual observed CW-CH interaction events by means of MHD-simulations, and
therefore, to understand the involved interaction parameters in a comprehensive way.
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1. Introduction

Coronal holes (CHs) are regions of low density plasma in
the solar corona, which are associated with a primarily open
magnetic field configuration leading to the formation of the
high-speed component of the solar wind (Cranmer 2009;
Krieger et al. 1973; Nolte et al. 1976). CHs evolve rather
slowly, hence, exhibit a stable and durable structure. Being
the darkest and least active regions of the Sun, as observed
in EUV, their location, their area, their inner structure,
and their features along their boundaries are most relevant
for understanding the formation of high speed streams and
their interaction with the ambient solar wind in the con-
text of Space Weather (Cranmer 2009; Riley et al. 2015;
Hofmeister et al. 2018; Heinemann et al. 2018; Hofmeister
et al. 2020, 2022; Samara et al. 2022). We can distinguish
between CHs that are observed on-disk and CHs that are
located off-limb. On-disk CHs can be further subdivided

into the group of polar CHs (north and south) which domi-
nate the CH distribution in times of low solar activity, and
CHs on the disk center which tend to appear in more ac-
tive periods of the solar cycle (Cranmer 2009). Both polar
and on-disk CHs are relevant regarding the analysis of their
interaction with coronal waves (CWs).

Coronal waves (CWs) are defined as large-scale prop-
agating disturbances in the corona and their evolu-
tion/propagation can be observed over the entire solar sur-
face. Traditionally, CWs have been denoted as "EIT waves"
because they were directly observed for the first time by
the Extreme-ultraviolet Imaging Telescope (EIT; Delabou-
dinière et al. 1995) onboard the Solar and Heliospheric Ob-
servatory (Domingo et al. 1995). CWs are often also referred
to as EUV waves or coronal bright fronts, and are commonly
associated with energetic eruptions such as coronal mass
ejections (CMEs) (see e.g. Vršnak & Lulić 2000). The oc-
currence of EUV waves is considered to be more strongly re-

Article number, page 1 of 16

ar
X

iv
:2

30
8.

08
92

8v
1 

 [
as

tr
o-

ph
.S

R
] 

 1
7 

A
ug

 2
02

3

songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang




A&A proofs: manuscript no. main

lated to CMEs than flares. Notwithstanding that marginal
link with solar flares, there can be found evidence of an en-
ergetic correlation between these three phenomena (see e.g.
Liu & Ofman 2014). For simplicity and due to the fact that
other authors that also support a wave model use similar
terminology, we hereafter refer to fast-mode MHD waves in
the corona as CWs.

The interaction between CWs and CHs results, among
other effects, in the formation of reflected, refracted, and
transmitted waves (collectively, secondary waves), which
confirm their interpretation as fast-mode MHD waves
(Thompson et al. 1998; Wang 2000; Wu et al. 2001; War-
muth et al. 2004; Veronig et al. 2010). Observational evi-
dence for their wave-like behaviour is given by authors who
report waves being reflected and refracted at a CH bound-
ary (e.g. Long et al. 2008; Gopalswamy et al. 2009; Kien-
reich et al. 2013), transmitted through a CH (Liu et al.
2019; Olmedo et al. 2012) or partially penetrating into a
CH (e.g. Veronig et al. 2006). These observational findings
are confirmed by numerical simulations describing effects
such as deflection, reflection and transmission when a fast-
mode MHD wave interacts with a low-density region such
as a CH (Piantschitsch et al. 2017; Afanasyev & Zhukov
2018; Piantschitsch et al. 2018a,b). Recent studies on global
EUV wave MHD simulations and observational techniques
validate the interpretation of global coronal waves as large-
amplitude waves (Downs et al. 2021). However, despite
these observational and simulation studies, there are sev-
eral pending questions regarding CW-CH interaction, such
as the high and ambiguous phase speed of secondary waves
in observational studies of interaction events (Gopalswamy
et al. 2009; Podladchikova et al. 2019), or how CW-CH in-
teraction can provide information about CHs themselves,
especially about their boundaries and therefore about the
physics regarding the interaction between high and slow so-
lar wind streams (Riley et al. 2015; Hofmeister et al. 2022).

In order to understand and reconstruct CW-CH inter-
action events, it is essential to analyse how different initial
parameters, such as the initial density amplitude of the in-
coming wave and its ratio to the amplitude of the depletion
as well as the ratio of both of their widths, influence the
behaviour of the reflected and transmitted waves. One pos-
sible way of reconstructing such an interaction event is the
comparison of time-distance plots based on observations
with those obtained by magnetohydrodynamic (MHD) -
simulations. In several recent observational studies of CWs
interacting with CHs time-distance plots are generated in
order to analyse some of the kinematic properties of the
incoming and the reflected waves (Liu et al. 2019; Chan-
dra et al. 2022; Zhou et al. 2022; Mancuso et al. 2021).
Those initial simulation parameters that best match the
time-distance plots of the observations can give us impor-
tant information about the parameters of the secondary
waves in the observed CW-CH interaction event which are
usually not available due to the still rather low quality and
accuracy of the measurements of CW parameters. This pa-
per, along with its parameter study about initial density
profiles in CW-CH interaction, serves as a first step in this
reconstruction, that is, we perform simulations about CW-
CH interaction events and by doing that, we analyse the
influence of critical input parameters, such as the initial
density amplitude, on the interaction features.

What do we know so far from the observations or, in
other words, which parameters can be provided by the ob-

servations that can be used as input parameters for the sim-
ulations? One essential information we need is the density
inside of the CH which drops on average 30% to 70% with
respect to the quiet Sun (Del Zanna & Bromage 1999; Del
Zanna & Mason 2018; Saqri et al. 2020; Heinemann et al.
2021). Another important parameter for studying CW-CH
interactions is the density amplitude of the incoming wave
which is usually expressed as a compression factor that has
a value of around 1.1 or less for CWs with moderate speeds
waves (Warmuth 2015) but can reach compression factors
of up to 1.5 which then are visible even in the lower chromo-
sphere, and are called Moreton waves (Moreton & Ramsey
1960). This density amplitude parameter is derived from in-
tensity measurements of coronal waves (Muhr et al. 2011)
together with the relation between intensity and density
that can roughly be described as ρ/ρ0 ∼

√
I/I0 (see War-

muth (2015)). However, the density profile of the incoming
wave is not only characterised by its amplitude but also by
the widths of the enhanced pulse and the depleted region
at the rear part of the wave which are also considered in
the simulation setup. Apart from that, information about
the width of the CHB (Heinemann et al. 2019) is taken into
account as well, that is, we differentiate between situations
that include a sharp density drop and situations that ex-
hibit a smooth gradient between the CH surrounding and
the area inside of the CH. Last but not least, the influence
of the incident angle on the features of the secondary waves
is part of the parameter study in this paper and allows us
to analyse superposition effects within the reflected waves.

In this paper, we study for the first time the influence
of a realistic coronal wave density profile, including the en-
hanced pulse at the wave front as well as the depleted region
at its rear part, on CW-CH interaction. In addition to that,
we analyse how the CHB width in combination with the CH
density and the incident angle affects the properties of sec-
ondary waves. The results are analysed especially with re-
gard to the temporal evolution of the density profiles of the
reflected waves and the corresponding time-distance plots of
the simulated interaction event. These time-distance plots
are the first step in understanding and reconstructing ob-
servational time-distance plots of interaction events which
can be used to derive phase speeds of incoming and re-
flected waves as well as the density structure close to the
CHB before and after the interaction with the CW. The
simulation-based time-distance plots created in this paper
are supposed to serve as a tool that can be used to un-
derstand the observational wave features and therefore un-
derstand and also derive parameter values involved in the
CW-CH interactions. We specifically point out that this
paper, with its focus on parameter studies regarding the
initial density profile of CWs, is the first of a series of stud-
ies aiming to finally reconstruct actual observed CW-CH
interaction events and, hence, to better understand the in-
volved parameters.

The paper is structured as follows: In Section 2, we list
and describe the parameters provided by the observations
which are used as initial input parameters for the CW-CH
interaction simulations. Section 3 will be dedicated to the
numerical setup of the simulations, the description of the
algorithm and the equations involved in simulation code.
In Section 4, we describe the initial conditions for the 1D
case. Section 5 is dedicated to the analysis of the simulation
results in the 1D case and we provide analytical expressions
for the reflection coefficients in order to compare them to
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the density amplitudes in the simulations. In Section 6, we
present the simulation results for the 2D case, including
the role of the initial density profile of the incoming wave,
the CH density, the CHB width, and the different incident
angles in the interaction process. Moreover, we generate
and analyse the corresponding line profiles and simulation-
based time-distance plots, and we discuss the analytical ex-
pressions and the representative angles for the 2D case. We
conclude in Section 7.

2. Observational parameters

In the following section we shortly describe the values and
the range of the observational parameters that are used as
input parameters for the CW-CH interaction simulations.
The key parameters for the simulations are the CH density,
the density amplitude of the incoming wave, the density
profile (enhancement-depletion ratio) of the incoming wave,
the CHB width and the incident angle of the incoming wave.

Observational measurements show that the density in-
side of CHs drops by at least 30% but up to 70% compared
to the density values of the quiet Sun (see Doschek et al.
1997; Del Zanna & Bromage 1999; Saqri et al. 2020; Heine-
mann et al. 2021). Figure 1 shows the distribution of elec-
tron density values as function of distance to the CH bound-
ary for the dataset presented in Heinemann et al. (2021).
Note that the densities were derived by assuming the same
abundances (photospheric abundances) for inside and out-
side the CH, which is known to not be correct. This means
that the density jump near the boundary might be even be
significantly larger than shown here. Generally we find that
the density drops over a distance of around 20− 40” to the
minimum level, which stays rather constant and homoge-
neous inside of the CH.

20 0 20 40 60 80 100 120
d [arcsec]

0

1

2

3

4

5

n 
[

cm
]

QS CH

Density across the CH boundary

0

5

10

15

20

Pr
ob

ab
ilit

y 
[%

]

Fig. 1. Distribution of the electron density as function of dis-
tance to the CH boundary [d], adapted from Heinemann et al.
(2021). Each vertical bin is normalized and a darker shade rep-
resents a higher percentage of pixels in the respective density
bin. The red line shows the average boundary gradient.

In Muhr et al. (2011) the perturbation of several CWs
has been studied and it has been shown that the extracted
peak intensity amplitude values of these waves are located
in a range between 1.61 and 1.22 which are in fact com-
pression factors n/n0 of the actual peak intensity. If one
neglects the line-of-sight integration effects and the changes
in temperature, the observed intensity amplitude can be
converted to the density compression factor according to
ρ/ρ0 ∼

√
I/I0 (Warmuth 2015). This implies that the ini-

tial density amplitudes of these measurement vary between
1.1 and 1.2 which corresponds to the results of Warmuth

(2015) where the compression factor of coronal waves with
moderate speed is shown to be around 1.1 which is more
representative for a small-amplitudes wave corresponding
to a linear or a weakly non-linear wave. Waves exhibit-
ing larger density amplitudes, such as Moreton waves, have
much larger compression factors up to 1.5 and exhbit non-
linear behaviour such as the evolution of shocks etc. In
this study, we focus on linear and weakly non-linear waves,
respectively, which exhibit an initial density amplitude of
around 1.1.

Besides the density amplitude of the wave front, there
are other parameters that define the density profile of the
incoming wave. Among them are for instance the width of
the pulse that typically increases as the amplitude decrease
during its propagation, and also the depleted area at the
rear part of the wave (rarefaction region) that usually fol-
lows the enhanced pulse. Examples of such density profiles
can be seen in Warmuth (2015) and Muhr et al. (2011). The
different amplitudes and widths of the enhanced as well as
the depleted part of the incoming wave during its prop-
agation towards the CHB are addressed by varying these
parameters in our simulations.

3. Numerical Setup

We performed 2.5D simulations of fast-mode MHD waves,
which exhibit a realistic initial density profile (enhance-
ment & depletion), that interact with low density regions
representing CHs. The code we used to run the simula-
tions is based on the so-called Total Variation Diminishing
Lax-Friedrichs (TVDLF) method, which is a fully explicit
scheme and was first described by Tóth & Odstrčil (1996).
We numerically solve the standard MHD equations (see
Equations (1)–(3)) and by applying the TVDLF-method,
including the Hancock predictor method (van Leer 1984),
we obtain second-order temporal and spatial accuracy. A
stable behaviour near discontinuities is guaranteed by ap-
plying the so-called Woodward limiter (for details see van
Leer (1979) and Tóth & Odstrčil (1996)). We use trans-
missive boundary conditions at all four boundaries of the
computational box, which is equal to 1.0 both in the x-
and the y-direction. We perform the simulations using a
resolution of 300 x 300.

In our simulation code we use the following set of MHD
equations including the standard notations for the vari-
ables:

∂ρ

∂t
+∇ · (ρv) = 0 (1)

∂(ρv)

∂t
+∇ · (ρvv)− J ×B +∇p = 0 (2)

∂B

∂t
−∇× (v ×B) = 0 (3)

In this study, we consider an idealized case with a homo-
geneous magnetic field in the z-direction and zero pressure
all over the computational box, that is, Bx = By = 0, p = 0.
This is also the reason why no energy equation needs to be
included in this setup.
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Fig. 2. Initial conditions for the 1D parameter studies of CW-CH interaction. Left upper panel: Initial density distribution
including a realistic density profile for different CH densities (ρCH = 0.1, ρCH = 0.3, and ρCH = 0.5) but with constant values for
the initial enhancement and depletion amplitudes (ρIAE = 1.1, ρIAD = 0.9) and constant initial widths (wE = wD = 0.1). Right
upper panel: Initial density distribution for different initial depletion amplitudes (ρIAD = 0.95, 0.9, 0.8) but with a constant
initial enhanced amplitude (ρIAE = 1.1), constant enhancement and depletion widths (wE = wD = 0.1), and a constant CH
density (ρCH = 0.1). Left lower panel: Initial density distribution for different initial depletion widths but with constant initial
enhancement and depletion amplitudes and a constant CH density. Right lower panel: Initial density distribution for different
initial CHB gradients (one sharp gradient and two smooth CHB gradients) and a constant initial wave density profile, that is,
constant initial density amplitudes (ρIAE = 1.1, ρIAD = 0.9) and constant initial widths (wE = wD = 0.1).

4. Initial conditions 1D

Based on observational measurements, we vary the initial
parameters for the simulation setup in the following way:

The first parameter we are going to vary in the course
of the simulation process is the CH density. From obser-
vational measurements (see Section 2) we know that the
density inside of the CH drops by at least 30% but up to
70% compared to the quiet Sun, and the drop might be even
significantly larger, considering certain abundance assump-
tions in the calculation of the density which are known to
be erroneous. Hence, as an initial simulation setup we con-
sider the cases of CH densities equal to 0.1, 0.3 and 0.5. In
Figure 2 (top left), one can see the different density drops
inside of the CH, whereas the other parameters are kept
constant, that is, the amplitude of the density enhancement
is equal to 1.1, the amplitude of the depletion is equal to
0.9, the widths of the enhancement and the depletion are
both equal to 0.1, and the CHB is considered to be a step
function (sharp gradient).

The enhanced part of the initial wave is excited in the
following way for the case of variation of CH density:

ρ(x) =


∆ρ · cos2(π x−x0

∆x ) + ρ0 0.25 ≤ x ≤ 0.35

0.1 ∨ 0.3 ∨ 0.5 x ≥ 0.4

1.0 else
(4)

where △ρ = 0.1, x0 = 0.3, △x = 0.1, and ρ0 = 1.0.

vx(x) =

{
2 ·
√

ρ(x)
ρ0

− 2.0 0.25 ≤ x ≤ 0.35

0 else
(5)

Bz(x) =

{
ρ(x) 0.25 ≤ x ≤ 0.35

1.0 else
(6)

Bx = By = 0, 0 ≤ x ≤ 0.5 (7)

vy = vz = 0, 0 ≤ x ≤ 0.5. (8)

The rear and depleted part of the incoming wave is ex-
cited in an analogous way, simply by choosing △ρ = −0.1
and x0 = 0.2. The range in which the density, the veloc-
ity and the magnetic field values are defined is shifted to
0.15 ≤ x ≤ 0.25.

The second parameter within the simulation setup that
will be varied is the initial depletion amplitude. Figure 2
(top right) shows the values of the depletion amplitude
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that range from 0.8 through 0.9 to 0.95, whereas the back-
ground density is equal to 1.0 and the other parameters
are kept constant, that is, the CH density is equal to 0.1
(ρCH = 0.1), the width of the depletion and the width of the
enhancement are both equal to 0.1 (wE = wD = 0.1), the
initial enhancement amplitude is equal to 1.1 (ρIAE = 1.1),
and the CHB is again considered to be a step function
(sharp gradient). These values correspond to △ρ = 0.1
for 0.25 ≤ x ≤ 0.35, △ρ = −0.2 ∨ −0.15 ∨ −0.1 for
0.15 ≤ x ≤ 0.25 , ρ0 = 1.0, ρ(x) = 0.1 for x ≥ 0.4, and
△x = 0.1 in Equations (4) - (6).

The third parameter that needs to be varied is the initial
depletion width. In Figure 2 (bottom left) one can see that
the width ranges from 0.1 through 0.15 to 0.2 (corresponds
to △x = 0.1 ∨ 0.15 ∨ 0.2 and x0 = 0.2 ∨ 0.175 ∨ 0.15 in
Equation (4) for the depleted part of the incoming wave),
whereas the amplitude for the enhancement and the de-
pletion are kept constant (ρIAE = 1.1 and ρIAD = 0.9).
The width of the initial enhancement is constant as well
(wE = 0.1) and the CH density is equal to ρCH = 0.1.
Again, as in the setups for the variation of CH density and
depletion amplitude, the CHB exhibits a sharp gradient
structure.

The fourth and last parameter that gets varied in the
course of this parameter study is the CHB width, that is,
the area within the density drops from the QS value down
to a certain minimum value inside of the CH. In Figure 2
(bottom right) one can see that in our simulation setup we
use three different options for the CHB gradient, first, a
sharp gradient, like it is used in the other parameter vari-
ations, second, a gradient that exhibits a smoother transi-
tion from the QS to the interior of the CH than the sharp
gradient (smooth CHB gradient no.1), and third, a very
smooth transition (smooth gradient no. 2). The rest of the
parameters, all of which describe the density profile of the
incoming wave, remain constant in the initial setup, that is,
ρIAE = 1.1, ρIAD = 0.9, wE = wD = 0.1, and ρCH = 0.1.

5. Simulation results 1D

5.1. Purely enhanced pulse versus realistic density profile

As we know from observations, the density profile of a CW
that moves towards a CH does not only consist of a purely
enhanced pulse but also of a depletion that propagates be-
hind the enhanced part (rarefaction region; e.g. Muhr et al.
(2011)). However, in numerical studies about CW-CH in-
teraction, so far only waves exhibiting a purely enhanced
pulse were considered which do not reflect the actual wave
profiles from the observations though. In this section, we
show how significantly the results for the reflected waves
change when a more realistic density profile, including an
enhanced as well as a depleted part, is used to represent the
incoming wave. In addition to that, we analyse the simu-
lation results for different initial density profile setups, CH
densities and different CHB gradients.

Figure 3 shows the temporal evolution of the density dis-
tribution of a CW-CH interaction including first, a purely
enhanced wave pulse (upper panel), and second, including a
realistic density profile, that is, the incoming wave consists
of an enhanced as well as a depleted part (lower panel).
Next to the line profiles in Figure 3 one can find the corre-
sponding time-distance plots (at the right side). These time-
distance plots (and all the following time-distance plots in

this paper) show the density profile of the incoming wave
(along the y-direction and measured as distance from CW
source) as a function of the time (x-direction) and allow
therefore a direct comparison between the properties of the
incoming wave and those of the reflected one.

The temporal evolution of the purely enhanced incom-
ing pulse in Figure 3 results in a reflected wave with density
values below the background density (negative amplitude;
see t7 - t15). This is in accordance with what we know about
the change of phase in the 1D case (see also Piantschitsch
et al. (2020)). The reason for the smaller absolute value of
the reflected wave is the fact that a certain part of the in-
coming wave enters the CH, and hence, there is no total
reflection. The phase changing behaviour can be a different
one for 2D cases due to superposition effects of the reflected
waves, though. As theoretical results in (Piantschitsch &
Terradas 2021) show, depending on the CH density and
the incident angle, the reflected wave can exhibit an en-
hanced or a depleted density amplitude, however, for now
we stick to the 1D case in which a clear phase changing be-
haviour can be observed. The corresponding time-distance
plot in Figure 3 exhibits this behaviour too. However, obser-
vational time-distance plots do not show such simple struc-
tures as in the time-distance plot in the upper panel of
Figure 3, especially not shortly before and after the actual
interaction with the CH.

Therefore, we analyse the temporal evolution of the
more realistic initial density profile, including a depletion
at its rear part, which shows a quite different behaviour
compared to a purely enhanced pulse. Until the front (en-
hanced) part of the incoming wave starts interacting with
the CH, the shape of the profile stays more or less con-
stant (no strong shock-evolution due to linear and weakly-
nonlinear incoming waves). Starting with the actual inter-
action, the temporal evolution of the density structure gets
more complex than in the case of a purely enhanced incom-
ing wave. The incoming enhanced wave part gets reflected
and tries to undergo a phase change as in the purely en-
hanced case and interacts on the way into the negative x-
direction with the depleted part of the still incoming wave
which eventually leads to a large negative amplitude in the
reflected wave part (see black arrow in t11 in the lower
panel of Figure 3). In the next step, when the depleted
part of the incoming wave starts interacting with the CH
and, hence, starts entering the phase changing process, the
depleted part of the reflected wave gets larger again (see
red arrow in t12) and one part of the reflected wave starts
getting pushed towards the background density level (see
blue arrow in t12) until it reaches amplitude values above
background density level (see t13). Eventually, the reflected
wave, consisting of a depleted (moving ahead) and an en-
hanced part (moving behind) travels into the negative x-
direction with smaller amplitudes than the incoming wave
(see t14 and t15). The resulting reflected wave shows a clear
structure, similar to the incoming wave, consisting of an
enhanced as well as a depleted part, however, the interac-
tion between the reflected and still incoming wave parts is
a more complex one and crucial to understand the features
in observational time-distance plots. By comparing the two
time-distance plots in Figure 3, one can see the obvious
difference between situations including a purely enhanced
pulse and situations in which an enhanced as well as a de-
pleted wave part is used to represent the incoming wave. It
is important to keep this difference in mind when it comes
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Fig. 3. Temporal evolution of the density distribution of a CW-CH interaction for the 1D case. The upper panel shows the case of
an incoming wave that consists of a purely enhanced wave pulse, whereas the lower panel depicts the situation of a more realistic
initial density profile, including an enhanced as well as a depleted wave part. Next to the line profiles one can see the corresponding
time-distance plots. The black and the green arrows point at the minimum density values of the simulated interaction which show
good agreement with the analytical values based on the reflection coefficient in Equation (9). The blue and the red arrows show
where the reflected wave, that still exhibits negative density values at that time, starts getting pushed towards the background
density level.(The temporal evolution of both situations can also be seen in Movie 1 which is attached to this paper.)

to study observational time-distance plots of CW-CH inter-
action events in further studies.

5.2. Analytical expressions for the reflection coefficient

The simulation results shown in Figure 3 are consistent with
the analytical expressions for the so-called reflection coef-
ficient that have been derived in Piantschitsch & Terradas
(2021). The reflection coefficient, R, describes the changes
of the amplitude of the reflected wave with respect to the
incoming wave.

R(θI, ρc) =
ρc sin θI − f(θI, ρc)

ρc sin θI + f(θI, ρc)
, (9)

where ρc is the density contrast (which is the ratio of
the density inside and outside of the CH), θI is the incident
angle and

f(θI, ρc) =

{√
ρc − cos2 θI if θI ≥ cos−1

(√
ρc
)

−i
√
cos2 θI − ρc otherwise.

(10)

We can see that the reflection coefficient depends on
only two parameters, the density contrast, ρc, and the in-
cident angle, θI. Another result from Piantschitsch & Ter-
radas (2021) is the fact the density perturbation ratio can
be written as

ρ−1
ρ+1

= R, (11)

where ρ−1 denotes the density amplitude of the reflected
wave (negative x-direction), and ρ+1 denotes the density am-
plitude of the incoming wave (positive x-direction), both

propagating in the first medium, that is, the quiet Sun in
our case. These equations provide information about how
much the density amplitude of the reflected wave decreases
with respect to the incoming one.

The analytical results can, in a first step, be compared
to the simulation results shown in Figure 3. If we assume
an incident angle of 90◦ (θ

I
= 90◦), and a density con-

trast of ρc = 0.1 (ρc = ρCH = 0.1 in this case because the
density outside of the CH is assumed to be 1.0), we ob-
tain a reflection coefficient of R ≈ −0.5 from the analytical
expressions. This value is consistent with the 1D simula-
tion of the purely enhanced incoming wave (upper panel of
Figure 3) where one can see that the final reflected (and
smallest) density amplitude is approximately half of the in-
coming density amplitude (see green arrow). In the case of
a more realistic initial density profile (lower panel in Figure
3) the simulations are also consistent with the analytically
derived reflection coefficient. In this case, one can see that
when the reflected wave (reflected depletion) interacts with
the still incoming depletion, the sum of the incoming de-
pleted density amplitude ρIAD and the reflection coefficient
R times the incoming enhanced density amplitude ρIAE is
approximately 0.85 (that is, ρIAD + R(ρIAE − ρ0) ≈ 0.85,
see black arrow), the density value that can be seen in the
lower panel of Figure 3. These results show clearly the con-
sistency between the 1D simulation results and the analyt-
ical expressions for the reflection coefficient.

In Table 1 one can see the initial, the minimum, and
the final depleted density amplitude values for the purely
enhanced incoming wave and for the realistic initial density
profile in the 1D case. It can be seen that the main differ-
ence between the two situations is the minimum interaction
density value. In the situation of the purely enhanced in-
coming wave, the density value is never below 0.95 which is
also the final depleted value of the reflection. The interac-
tion including a realistic initial density profile, on the other
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Purely enhanced
incoming wave

Realistic initial
density profile

Initial incoming
density amplitude ρIA = 1.1

ρIA = 1.1
ρID = 0.9

Minimum interaction
density value 0.95 0.85

Final depletion
value of reflection 0.95 0.95

Table 1. Initial, minimum, a final density amplitude values for
the a purely enhanced incoming wave and a realistic initial den-
sity profile.

hand, leads to a minimum density value of 0.85 which is
the reason why we see the depleted (dark blue) area in the
center of the second time-distance plot in Figure 3. How-
ever, the final depleted density value in this case is equal
to 0.95 and, therefore, has the same value as found in the
interaction with the purely enhanced incoming wave.

5.3. Parameter studies in 1D

In this subsection, we vary the different initial parameters
in the 1D simulation (CH density, depletion amplitude, de-
pletion width, and CHB width) and we analyse the tempo-
ral evolution of the density profiles and the corresponding
time-distance plots.

In Figure 4 one can see the temporal evolution of a CW-
CH interaction including a realistic density profile for dif-
ferent CH densities. Figure 4a depicts the initial setup for
this interaction process including three different cases for
the CH density (ρCH = 0.1, ρCH = 0.3, and ρCH = 0.5).
The initial enhanced amplitude, ρIAE , is equal to 1.1, the
initial depleted amplitude, ρIAD, is equal to 0.9, and the
widths of enhanced and depleted incoming wave, wE and
wD, are both equal to 0.1. In Figure 4b one can see how
one part of enhanced incoming wave starts entering the
CH while another part starts getting reflected. Figure 4c
shows how the reflected part of the enhanced incoming
wave changes its phase and exhibits density values below
background density. The subsequent superposition of the
reflected wave (with changed phase) and the depleted part
of the still incoming wave leads to density values below 0.9,
which are smaller than the initial depletion amplitude of
the incoming wave (see Figure 4 d) and e)). When the rear
(and depleted) part of the incoming wave starts interacting
with the CH, it starts pushing some part of the wave first
towards background density (see e) and f)) and eventually
above background density (> 1.0, see g)). The final reflected
density profile consists again of a depleted (moving ahead)
and an enhanced part (moving behind) but with smaller
amplitudes than the ones of the incoming wave. Small CH
densities lead to large amplitudes in the reflected wave (see
Figure 4i) and also to more visible interaction features dur-
ing the superposition of the reflected and the still incoming
wave (see e) and f)).

Figure 5 shows the temporal evolution of a CW-CH in-
teraction including a constant enhanced initial amplitude
(ρIAE = 1.1), a constant CH density (ρCH = 0.1), con-
stant initial widths (wE = wD = 0.1) but different ini-
tial depletion amplitudes (ρIAD = 0.95, ρIAD = 0.9, and
ρIAD = 0.8). The interaction process in this case is simi-
lar to the one with different CH densities, that is, we can

again see the reflection, the phase changes, the superposi-
tion effects of reflected and still incoming wave parts, and
eventually a reflected wave including an enhanced as well
as a depleted part, just with opposite phase and smaller
amplitude values with regard to the incoming wave. The
main difference to the situation in which the enhanced and
the depleted amplitude are both equal to 1.1 is first, the
very small density values during the superposition process
close to the CH, and second, the larger enhanced part of
the reflected wave (resulting from small initial depletion
amplitudes and the phase change).

In Figure 6 one can see the temporal evolution of a CW-
CH interaction including constant initial enhancement and
depletion amplitudes (ρIAE = 1.1, ρIAD = 0.9), a constant
CH density (ρCH = 0.1), a constant initial width for the en-
hanced part of the incoming wave (wE = 0.1) but different
initial widths for the depleted part of the incoming wave
(wD = 0.1, 0.15, 0.2). Again, we see a similar behaviour as
in the parameter studies described above in Figures 4 and
5. The main difference (as can be expected) can be seen in
the width of the reflected enhanced part, that is, the larger
the initial depleted width of the incoming wave, the larger
the width and the amplitude of the enhanced reflected wave
part.

Figure 7 shows the temporal evolution of a CW-CH in-
teraction with a constant initial density profile and varying
CHB widths (sharp gradient and two smooth CHB gradi-
ents). The results show that a sharp gradient leads to a
larger enhanced reflected wave part and a smaller width of
the enhanced reflection, whereas a very smooth CHB gradi-
ent results in smaller enhanced reflected density amplitudes
and a larger width of the enhanced reflection.

Overall, one can see that the strongest interaction effects
can be obtained by combining large initial amplitudes (lim-
ited to linear and weakly non-linear waves), small CH den-
sities, large initial widths, and sharp CHB gradients. Fig-
ure 8 shows these effects in the corresponding time-distance
plots.

6. Simulation results 2D

6.1. Initial conditions

Now that we have analysed the basic features in the 1D
case of CW-CH interaction, it is crucial to study the 2D
case with a realistic density profile (enhanced and depleted
incoming wave parts) and different incident angles. As an
initial setup for the incoming wave we choose those pa-
rameters that showed the strongest interaction effects in
the 1D case, that is, ρIAE = 1.1, ρIAD = 0.8, wE = 0.1,
wD = 0.2, and a sharp gradient representing the CHB.
In addition to that, we choose three different paths along
which the corresponding time-distance plots are created, in
order to address the observational situations in which usu-
ally a clear and unique path for the propagation direction
of the wave cannot be defined. In Figure 9 one can see this
initial 2D setup including the depleted part of the incoming
wave (blue vertical structure), the enhanced part of the in-
coming wave (red vertical structure), the three paths along
which we create the time-distance plots (Path 1, Path 2,
and Path 3), and the four different incident angles (α1, α2,
α3, and α4).
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Fig. 4. Temporal evolution of the density distribution of a CW-CH interaction including a realistic density profile for different CH
densities (ρCH = 0.1, ρCH = 0.3, and ρCH = 0.5) but with constant values for the initial enhancement and depletion amplitudes
(ρIAE = 1.1, ρIAD = 0.9) and constant initial widths (wE = wD = 0.1).

Fig. 5. Temporal evolution of the density distribution for different initial depletion amplitudes (ρIAD = 0.95, 0.9, 0.8) but with a
constant initial enhanced amplitude (ρIAE = 1.1), constant enhancement and depletion widths (wE = wD = 0.1), and a constant
CH density (ρCH = 0.1).
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Fig. 6. Temporal evolution of the density distribution for different initial depletion widths but with constant initial enhancement
and depletion amplitudes and a constant CH density.

Fig. 7. Temporal evolution of the density distribution for different initial CHB gradients (one sharp gradient and two smooth
CHB gradients) and a constant initial wave density profile, that is, constant initial density amplitudes (ρIAE = 1.1, ρIAD = 0.9)
and constant initial widths (wE = wD = 0.1).
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Fig. 8. Time-distance plots for different CH densities (first
panel), different initial depletion amplitudes (second panel), dif-
ferent initial depletion widths (third panel), and different CHB
widths (fourth panel).

6.2. Analysis of 2D simulation results and corresponding
time-distance plots

For the analysis of the simulation results in the 2D case,
we focus on analysing the temporal evolution of the den-
sity structure and specifically on studying the correspond-
ing time-distance plots as they are supposed to be used to
directly compare the simulated interaction effects to actual
observed interaction events. Figure 10 shows the temporal
evolution of the 2D density distribution of a CW-CH inter-
action including a realistic density profile and four differ-
ent incident angles. One can see that larger incident angles
(such as α1 = 80◦ and α2 = 70◦) in combination with a real-
istic initial density profile lead to a more linear structured
reflected area with reflection areas that hardly reach the
large enhanced amplitudes of the incoming wave. Smaller
incident angles (such as α1 = 65◦ and α2 = 55◦), on the
other hand, result in enhanced reflected amplitudes that
are much larger than the incoming ones and the reflected
area exhibits a much more bended density structure. There
is one more important implication that can be drawn from
the temporal evolution of the density structure in Figure
10. The strongly enhanced reflection (dark red structures
at the end of the temporal density evolution) does neither
move along the path of the incoming wave nor along the
reflected wave path, but moves instead, due to superposi-
tion effects and the continuously incoming and interacting
CW, in a somewhat perpendicular direction to the incom-
ing wave while constantly changing its bended structure.

Fig. 9. Initial conditions for a 2D case of CW-CH interaction
with a realistic density profile for the incoming wave (ρIAE =
1.1, ρIAD = 0.8, wE = 0.1, wD = 0.2), a constant CH density
(ρCH = 0.1), and four different incident angles (α1 = 80◦, α2 =
70◦, α3 = 65◦, and α4 = 55◦.). The corresponding time-distance
plots for this interaction are generated along the depicted paths
(Path1, Path2, and Path3).

This is an important information for the interpretation of
observational data of CW-CH interactions effects.

In Figure 11 one can see the time-distance plots based
on the temporal evolution of the density structure in Fig-
ure 10 which were created along the three different paths
(Path1, Path2, and Path3) described in the initial condi-
tions of Figure 9. The first panel in Figure 11 shows the
CW-CH interaction including the incident angle α1 = 80◦

and a CH density of ρCH = 0.1 along the three different
paths. As was already observed in Figure 10, the shape
of the reflected wave is almost as linear as the incoming
one and the density amplitude of the reflected wave does
not reach the values of the initial incoming wave. Also, the
shape of the reflected wave stays more or less the same along
the three different paths, whereas the enhanced amplitude
decreases from Path1 to Path 3 for the situation includ-
ing the angle α1. In the case of the incident angle α2, the
situation already looks slightly different. One can see that
the shape of the enhanced reflected wave part starts getting
bent (α2 along Path1) and that this bent shape exhibits an
even larger amplitude and a more complex structure along
the other paths (α2 along Path2 and Path3). Overall, one
can see that first, the smaller the incident angle, the larger
the enhanced amplitude of the reflected wave and the more
bent its density structure, and second, the farther the path
is from the first interaction point (e.g., Path1 is close and
Path3 is farther away), the more complex the reflected in-
teraction structure and the larger the enhanced amplitudes.

A common method that is used to derive the phase
speed of the reflected wave from observational data is to
draw a line along the assumed propagation direction and
generate a time-distance plot out of it. This method, how-
ever, is valid only in case the path for the incoming wave
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Fig. 10. Temporal evolution of the 2D density distribution for a CW-CH interaction with a realistic density profile that includes a
depleted (blue vertical structure) and an enhanced wave part (red vertical structure), and four different incident angles, α1 = 80◦,
α2 = 70◦, α3 = 65◦, and α4 = 55◦. (The temporal evolution shown in the last panel can also be seen in Movie 2.)

is exactly the same one as the slot chosen for the reflected
wave. But in our case we have to consider what we see
in the 2D density distribution of Figure 10, namely the
change of the shape of the reflected wave and the propaga-
tion direction which is definitely not the same as the one
of the incoming wave. These results should also be consid-
ered when interpreting observational time-distance plots of
CW-CH interaction.

In this study, we used the same path for the incoming
and the reflected wave to create the time-distance plots,
which is why we have to be careful regarding the interpre-
tation of the actual reflected phase speed. But even if we try
to determine a path along which the largely enhanced part
of the reflected wave propagates, one also has to consider
the bendend density structure and the continuous change
of this structure during the interaction process. This means
that one single slot for the whole propagation period of the
reflected wave will not be sufficient to analyse the phase
speed comprehensively in general, neither in the simula-
tions nor in the observations.

What can be seen in all the time-distance plots of Fig-
ure 11 is the dark blue structure in the centre which depicts
the period in which the reflected part of the enhanced in-
coming wave undergoes a phase change (from enhanced to
depleted) and interacts with the depleted and still incoming

wave. This superposition leads to a depleted density value
that is smaller than the depleted amplitude of the initial
incoming wave. During this period no enhanced reflected
wave part is visible, however, this dark blue structure is
not completely symmetric, it exhibits a small bump that
points into the direction towards the upper left part of the
plots. This bump, which continues into the direction of the
green and yellow area, depicts the motion of the first re-
flected wave part that travels through the still incoming
rear part of the wave until it reaches (due to superposition
effects) the smallest density values and finally propagates
as a slightly depleted reflection (light green structure) away
from the CH. In the cases of the smaller incident angles, α3

and α4, one can also see a small dark red structure at the
left side of the large depleted area, at around t = 100 for
Path 1 and at around t = 220 for Path 2 (see also t3 and
t4 in Figure 10). This structure arises due to the small in-
cident angle of the incoming wave (and therefore of the
reflected wave) in combination with the still incoming en-
hanced wave part. In Figure 10 one can see that this dark
red structure moves parallel to the incoming wave and ex-
plains therefore the superposition of enhanced wave part
directly at the CHB.

Until now he have analysed time-distance plots with
only a small CH density, that is, ρCH = 0.1. In the last
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Fig. 11. Time-distance plots based on the temporal evolution of the density structure in Figure 10 along the three different paths
(Path1, Path2, and Path3) described in the initial conditions of Figure 9.

part of the section we therefore want to discuss the dif-
ferences to situations including larger CH densities, that is,
ρCH = 0.3 and ρCH = 0.5. From (Piantschitsch & Terradas
2021) we know that the CH density determines the angles
at which the phase of the reflected wave changes, therefore
it is relevant to investigate the time-distance plots for differ-

ent CH densities. Figure 12 shows the time-distance plots
for the smallest and the largest incident angle, α1 and α4,
along the three different paths, Path 1, Path 2, and Path 3,
and for three different CH densities, ρCH = 0.1, ρCH = 0.3,
and ρCH = 0.5. The first case in which ρCH = 0.1 has al-
ready been discussed in Figure 11, but in this plot we now
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Fig. 12. Time-distance plots for the smallest and the largest incident angle, α1 and α4, along the three different paths (Path 1,
Path 2, and Path 3), and for three different CH densities, ρCH = 0.1, ρCH = 0.3, and ρCH = 0.5. The amplitudes of the initial
density profile are ρIAE = 1.1 and ρIAD = 0.8, the initial widths are wE = 0.1, and wD = 0.2, and we used a constant CH density,
ρCH = 0.1.
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compare it to the situations including larger CH densities.
The time-distance plots for ρCH = 0.3 and ρCH = 0.5 show
first and foremost that the interaction features, that is e.g.,
the large depleted area in the centre and the reflected wave
amplitude, are not that strong as in the case of ρCH = 0.1.
In none of these cases the enhanced reflected amplitude
reaches a value that is larger than the incoming enhanced
amplitude, not even for small incident angles. However, a
small CH density is not sufficient to achieve a large reflected
amplitude, it has to be combined with a sufficiently small
incident angle.

Overall, and this is one of the key results of this paper,
this means that an initial density profile that includes an
enhanced as well as a depleted part, together with a suf-
ficiently small incident angle and a small CH density lead
to large reflected amplitudes and also to large phase speeds
with respect to the incoming phase speed. If only one of
these conditions is not satisfied a large reflected density
amplitude cannot be reached.

6.3. Analytical expressions and comparison to simulation
results in the 2D case

As in the 1D case, we now want to compare the 2D simula-
tion results to the analytical expressions derived in Piants-
chitsch & Terradas (2021) and make use again of the Equa-
tions (9)-(11). As already mentioned above, these equations
provide us information about the reflection coefficient which
describes the changes of the amplitude of the reflected wave
with respect to the incoming wave and depends only on
the density contrast and the incident angle. By combin-
ing the Equations (9) and (10) we can see that the reflec-
tion coefficient is real if θI ≥ cos−1

(√
ρc
)

and imaginary
otherwise. For the comparison with the density values in
the simulations we focus on situations including a real re-
flection coefficient. In the case of a small CH density of
ρCH = 0.1 this requirement is only met for the incident
angle α1, for a larger CH density, such as ρCH = 0.5, the
reflection coefficient R is real for all the incident angles used
in this study. All these cases fulfill the condition that the
incident angle is larger than cos−1

(√
ρc
)
. For ρCH = 0.1

and the incident angle α4 = 55◦ the reflection coefficient
R(55◦, 0.1) ≈ −0.46. That implies that the minimum den-
sity value during the interaction, which is the sum of the
incoming depleted amplitude and R times the incoming en-
hanced density amplitude minus the background density, is
approximately 0.754 ( ρIAD+R(ρIAE −ρ0) ≈ 0.754 ). This
value is consistent with the density values of the depleted
area in the centre of the time-distance plots in the first panel
of Figure 11 and shows once more the agreement between
the simulation results and the analytical expressions. An
analogous comparison can be performed, for instance, for a
large CH density such as ρCH = 0.5 and all four incident an-
gles α1 = 80◦, α2 = 70◦, α3 = 65◦, and α4 = 55◦. Here, we
obtain the following values for the corresponding reflection
coefficients: R(80◦, 0.5) ≈ −0.1635, R(70◦, 0.5) ≈ −0.1369,
R(65◦, 0.5) ≈ −0.1187, and R(55◦, 0.5) ≈ −0.0049. If we
use these analytically derived coefficients again to calculate
the minimum depletion value, which occurs when the first
part of the reflected wave interacts with the still incoming
depletion, we obtain minimum density values of approxi-
mately 0.7837, 0.7863, 0.7881, and 0.7995 for α1, α2, α3,
and α4. Again, these values show good agreement with the

density values from the simulations as one can see in the
last panel of Figure 12.

The angle that distinguishes the situation of a real re-
flection coefficient from an imaginary one in Equation (10)
was already derived in Piantschitsch & Terradas (2021) and
is called Critical angle, θC ,

θC = cos−1 (
√
ρc) . (12)

This angle separates the situation of full reflection from
a situation that includes transmission, that is, incident an-
gles above the Critical angle lead to transmitted waves
whereas incident angles below the Critical angle result in
pure reflections (for details see Figure 7 and Figure 8 in
Piantschitsch & Terradas (2021)). This angle is properly
defined when ρ02 < ρ01 (which is the case for CHs) because
the argument of cos−1 must always be between −1 and 1.
(Here, ρ01 denotes the density in the first medium and ρ02
denotes the density in the second medium.) In the case of
ρ01 < ρ02, there is no Critical angle, and this corresponds,
for example, to any CW that propagates in the coronal
medium and interacts with coronal loops which exhibit a
higher density than their environment.

In Piantschitsch & Terradas (2021) analytical expres-
sions for other specific angles were derived too. These angles
show how the CH density determines whether an incoming
wave gets totally reflected or partially transmitted, respec-
tively, and at which angle the phase of the reflected wave
changes (enhanced into depleted wave or vice versa). A cru-
cial angle in this context is the so called Brewster angle, θB ,

θB = cos−1

(√
ρc

1 + ρc

)
, (13)

where ρc denotes the density contrast (ratio of the CH
density to the density of the quiet Sun). The Brewster angle
represents a situation in which perfect transmission takes
place, that is, there is no reflection at the CHB at all. An-
other important incident angle which separates enhanced
from depleted reflection is that so-called Phase inversion
angle, θP ,

θP = cos−1

(√
ρc + ρ2c
1 + ρ2c

)
, (14)

where ρc denotes again the density contrast. For linear
waves this implies that an enhanced incoming wave with an
incident angle between the Brewster angle and the Phase
inversion angle gets reflected as an enhanced wave, whereas
incoming waves that exhibit an incident angle outside of
this range undergo a phase change and propagate as de-
pleted reflections (for details see Piantschitsch & Terradas
(2021)). For a CH density of ρCH = 0.1, for instance, we
know that the Brewster angle, θB , is equal to 72.5◦, the
Phase inversion angle, θP , is equal to 70.8◦, and the Crit-
ical angle, θC , is equal to 71.6◦. One can see that in the
case of a small CH density these values are very close to
each other, also meaning that only a small change in the
incident angle is sufficient to turn a case of full transmis-
sion into a case of no transmission at all. This is a crucial
information for the interpretation of CW–CH interaction
effects in observational data as well.
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These results are based on a linear approach and only
purely enhanced incoming waves have been considered.
However, one has to keep in mind that the phase change
depending on the density contrast and the incident angle
in combination with a realistic density profile have to be
considered when interpreting the simulated interaction re-
sults in this study. Nonetheless, the analytical expressions
for these angles provide important information about the
behaviour of the reflected wave for different CH densities
and show good agreement with the simulations performed
in this study.

Another interesting aspect in the course of studying
CW-CH interaction, besides the properties of the reflected
wave, is the transmission coefficient and how it is related
to the reflection coefficient. Studying the properties of the
transmitted wave in detail is out of the scope of this study,
but we want to mention that in Piantschitsch et al. (2020)
and Piantschitsch & Terradas (2021) we have already pub-
lished theoretical results about the properties of the trans-
mitted wave during a CW-CH interaction event and about
how the transmission coefficient is related to the reflection
coefficient in such situations.

7. Conclusions

In this study, we perform for the first time 2D MHD simu-
lations of a CW-CH interaction including a realistic initial
wave density profile that consists of an enhanced as well as
a depleted wave part. We vary several initial parameters,
such as the initial density amplitudes of the incoming wave,
the CH density, and the CHB width, and we analyse the ef-
fects of different incident angles on the interaction features.
The corresponding time-distance plots are used to detect
specific features of the incoming and the reflected wave.

The main results are summarised as follows:

1. For the first time, a density profile including an en-
hanced and a depleted part has been used to simulate
the incoming wave in a CW-CH interaction process.
The resulting interaction features are significantly dif-
ferent to those obtained by simulations using a purely
enhanced pulse as initial incoming wave (see Figure 3
and Movie 1). Among these differences are, e.g., a de-
pletion area in the centre of the time-distance plots in
which no wave part above background density level is
visible and large reflected density amplitudes with re-
spect to the incoming ones (see Figures 10 - 11 and
Movie 2).

2. We performed parameters studies, varying the initial
density amplitudes, the initial widths of the wave, the
CH density, and the CHB width, and we found that
small CH densities, large initial amplitudes, large initial
widths and a steep CHB gradient lead to the strongest
interaction results (see Figures 4 - 7).

3. By varying the incident angle in the 2D simulations we
found that small incident angles lead to stronger super-
position effects and therefore result in larger reflected
density amplitudes and a more complex density distri-
bution of the CW-CH interaction process (see Figures
10 and 11, and Movie 2).

4. As a key result of the simulations in this study, we found
that a large reflected density amplitude, that is visible in

some observational interaction events, can be obtained
by a sufficiently small CH density in combination with a
small incident angle and a realistic initial density profile
of the incoming wave. If only one of these conditions is
not satisfied a large reflected density amplitude cannot
be reached (see Figures 11 and 12). This shows again
the importance of including an enhanced as well as a
depleted wave part in the initial setup of the incoming
wave.

5. The density contrast plays a crucial role in two respects:
First, a small CH density enhances the effects (ampli-
tudes) for the reflected wave in a direct way (see Fig-
ure 4). Second, the density contrast also determines the
angle which separates situations of full reflection from
those which include transmission (see Equation (12))
and also defines the angle at which the wave undergoes
a phase change (see Equation (14)) and therefore im-
plicitly influences the properties of the reflected wave in
an additional way.

6. The parameter studies in this study are supposed to be
the initial step within a tool that reconstructs actual
observational interaction events with the help of MHD
simulations. By comparing the simulated time-distance
plots to those created from observations, we aim in a
further step to derive interaction parameters from the
observed interaction events which usually cannot be ob-
tained directly from the measurements.

In this paper, we aim to combine information about ob-
servational measurements, such as the CH density, the
initial density amplitudes of CWs, and CHB widths,
with numerical MHD simulations of CW-CH interac-
tions and theoretical results that provide analytical ex-
pressions for incident angles which influence the interac-
tion process. We want to emphasize that in this study we
are interested in linear and weakly non-linear CWs with
a compression factor of around 1.1 or less. The interac-
tion results naturally change for interactions including
strongly non-linear waves that lead to the evolution of
shocks and other features.
We also have to keep in mind, that we are considering
an idealised situation including zero gas pressure and
a homogeneous magnetic field. (A more realistic mag-
netic field topology will be included in future studies).
Another idealisation in this paper is the simplified shape
of the CH. The influence of different CH geometries on
CW-CH interaction effects is out of the scope of this
paper but will be addressed in a follow-up study.
The parameter studies in this paper are considered to
be a first step in reconstructing an actual interaction
event. In a next step, we will compare the simulated
time-distance plots to actual observations and try to
derive interaction parameters from an observed CW-CH
interaction event. By analysing the observational time-
distance plots and comparing them to the time-distance
plots based on the results of our numerical simulations
we will be able to derive interaction parameters from
the observed CW-CH interaction event that can usually
not be determined directly.
We believe that the results in this study can impact
other simulations of coronal dynamics, such as the in-
teraction of waves with prominences (e.g., Liakh et al.
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2023) or other processes in which the initial density pro-
file of the CW plays a crucial role.
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