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ABSTRACT

We present theoretical models of chromospheric heating for 55 Cancri, an orange dwarf of relatively low activity. Self-consistent,
nonlinear and time-dependent ab-initio numerical computations are pursued encompassing the generation, propagation, and
dissipation of waves. We consider longitudinal waves operating among arrays of flux tubes as well as acoustic waves pertaining
to nonmagnetic stellar regions. Additionally, flux enhancements for the longitudinal waves are also taken into account as
supplied by transverse tube waves. The Ca II K fluxes are computed (multi-ray treatment) assuming partial redistribution as
well as time-dependent ionization. The self-consistent treatment of time-dependent ionization (especially for hydrogen) greatly
impacts the atmospheric temperatures and electron densities (especially behind the shocks); it also affects the emergent Ca II
fluxes. Particularly, we focus on the influence of magnetic heating on the stellar atmospheric structure and the emergent Ca II
emission, as well as the impact of nonlinearities. Our study shows that a higher photospheric magnetic filling factor entails a
larger Ca II emission; however, an increased initial wave energy flux (e.g., associated with mode coupling) is of little difference.
Comparisons of our theoretical results with observations will be conveyed in forthcoming Paper II.

Key words: methods: numerical – stars: chromospheres – stars: magnetic fields – stars: individual (55 Cnc) – magnetohydro-
dynamics (MHD)

1 INTRODUCTION

In the previous decades a large number of studies has been presented
indicating the significance of wave heating in outer stellar atmo-
spheres for stars of different activity levels, including relatively in-
active stars (e.g., Narain & Ulmschneider 1996, including references
therein and subsequent work); see also more recent observations
by Freĳ et al. (2014) and Kayshap et al. (2018). The general picture
that emerged indicates that the atmospheres of high-activity stars
are dominantly heated by magnetic processes (including magnetic
waves), whereas for the atmospheric heating of low-activity stars non-
magnetic processes may play a more prominent role (e.g., Schrĳver
1995; Buchholz et al. 1998; Rammacher & Cuntz 2003), although
the role of magnetic phenomena in those stars is expected to be sig-
nificant as well (e.g., Judge & Cuntz 1993; Judge & Carpenter 1998).
When stars age, the relative importance of atmospheric magnetic
processes tends to subside, a process closely related to the evolution
of angular momentum (e.g., Marilli et al. 1986; Hartmann & Noyes
1987; Keppens et al. 1995; Charbonneau et al. 1997; Wolff & Simon
1997; Mittag et al. 2018). Consequently, main-sequence stars of ad-
vanced age, as e.g. old G and K stars, are targets of great interest for
the study of the relative importance of magnetic and non-magnetic
wave atmospheric heating.

As pointed out by, e.g., Linsky (1983), Schrĳver & Zwaan (2000),
as well as a large array of other work, magnetic heating in stellar
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atmospheres is strongly correlated to increased outer atmospheric
emission. Increased stellar rotation usually entails an increased pho-
tospheric magnetic flux (∝B0f0), where B0 is the photospheric
magnetic field strength and f0 is the magnetic filling factor. There-
fore, in a statistical sense, it is possible to linkB0f0 to both the stellar
rotation period Prot and age (e.g., Noyes et al. 1984; Marcy & Basri
1989; Montesinos & Jordan 1993; Saar 1996), on the one hand, and
to the emergent chromospheric emission flux (e.g., Schrĳver et al.
1989; Jordan 1997; Fawzy et al. 2002b), on the other hand.

In this work, we pursue studies for 55 Cancri (55 Cnc, ρ1 Cnc),
a G8 V star (Gonzalez 1998). 55 Cnc is an old main-sequence star
with a mass and luminosity considerably smaller than the Sun and
a slow rotation rate (see below); this star also meets the character-
istics of an orange dwarf. In this work, we study the relative impor-
tance of magnetic heating and non-magnetic heating (i.e., acoustic
waves) in consideration of 55 Cnc’s low activity level, including the
emergence of chromospheric emission. Our paper is structured as
follows: In Section 2, we convey our theoretical approach, including
a description of the acoustic and magnetic wave energy generation,
the flux tube models, and the computation of the emergent Ca II
emission fluxes in response to our wave calculations. In Section 3,
we present our results and discussion, including relevant aspects of
time-averaged atmospheres. In Section 4, we give our summary and
conclusions.

© 2020 The Authors
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Table 1. Stellar Parameters

Parameter Value Reference

Spectral Type G8 V Gonzalez (1998)
Effective Temperature (K) 5165 Ligi et al. (2016)
... 5172 Yee et al. (2017)
Color (B − V ) 0.87 Hoffleit & Warren (1995)
Mass (M⊙) 0.91 von Braun et al. (2011)
Surface Gravity (log cgs) 4.37 Gray et al. (2003)
... 4.43 Yee et al. (2017)
Metallicity [Fe/H] 0.35 Yee et al. (2017)
Age (Gyr) 8.6 Mamajek & Hillenbrand (2008)
... 10.2 von Braun et al. (2011)
Rotation Period (d) 42.2 Henry et al. (2000)
... 38.8 Bourrier et al. (2018)

Note: See references for information on the uncertainty bars and back-
ground information on the adopted methodology. No claim is made about
the completeness of this list.

Table 2. Summary of Acronyms

Acronym Definition

ACW Acoustic Wave
LTE Local Thermodynamic Equilibrium
LTW Longitudinal Flux Tube Wave
MFF Magnetic Filling Factor (f0)
NLTE Non-Local Thermodynamic Equilibrium
NTDI Non-Time-Dependent Ionization
PRD Partial Redistribution
TDI Time-Dependent Ionization
TTW Torsional Flux Tube Wave

2 THEORETICAL APPROACH

2.1 Stellar Parameters

In this work, we pursue theoretical atmospheric studies of 55 Cnc,
a G8 V star (Gonzalez 1998); see Table 1 for details. A recent
study by von Braun et al. (2011) conveys a mass of 0.91 M⊙; hence,
55 Cnc can be classified as an orange dwarf; those stars character-
ized by a mass range of about 0.80 ± 0.13 (Gray 2005). Further-
more, 55 Cnc is considerably older than the Sun. Previous estimates
of 55 Cnc’s age are 8.6 Gyr (Mamajek & Hillenbrand 2008) and
10.2 Gyr (von Braun et al. 2011); see Bourrier et al. (2018) for dis-
cussion.

Previous work about the stellar rotation period indicates values of
42.2 d (Henry et al. 2000) and 38.8 d (Bourrier et al. 2018); clearly,
these values of slow rotation are closely connected to 55 Cnc’s ad-
vanced age, see, e.g., Skumanich (1972) and subsequent work. In the
framework of our models, the stellar rotation period as previously
derived also allows default estimates of the stellar photospheric mag-
netic filling factor (see Sect. 2.3).

2.2 Acoustic and Magnetic Wave Energy Generation

A crucial aspect of this study pertains to the calculation of the
initial acoustic and magnetic wave energy fluxes; notably, model
simulations for the generation of longitudinal flux tube waves

(LTWs)1. Regarding acoustic waves (ACWs), previous calculations
for wave energy fluxes have been given by Musielak et al. (1994)
and Ulmschneider et al. (1996). The latter authors computed both
acoustic frequency spectra and total acoustic fluxes on the basis of
mixing-length convection zone models for a large range of stars, in-
cluding main-sequence stars. The results were identified to depend
on the stellar effective temperature, surface gravity, metallicity and
the mixing-length parameter αML.

Following subsequent work by Stein et al. (2009a,b), who em-
ployed detailed 3-D convective models, the value of αML = 1.8 has
become increasingly established; it has also been previously used by
Fawzy et al. (2012). For 55 Cnc this approach yields an acoustic wave
energy flux of FAC = 3.3× 107 erg cm−2 s−1 with a representative
wave period of PAC = 60 s. This latter value has also been adopted
for our monochromatic wave simulations intended for comparison
with the more detailed models based on wave spectra; see Fig. 1 for
results on the acoustic wave energy spectra.

Akin to our previous work, we calculate wave energy fluxes and
spectra for LTWs based on previous work by Musielak et al. (1995),
Ulmschneider & Musielak (1998), and Ulmschneider et al. (2001),
among others. In this approach, stellar turbulence is described via an
extended Kolmogorov turbulent energy spectrum and the modified
Gaussian frequency factor; see Musielak et al. (1995) for a detailed
discussion of the potential and limitations of this approach. Accord-
ing to that work, the interaction between the magnetic flux tubes and
the surrounding turbulent medium results in the generation of LTWs,
among other types of waves.

At the start of the procedure, initial stellar magnetic flux tube
models are constructed (see Sect. 2.3) with the external pressure
fluctuations considered to be responsible for the squeezing of the
flux tube; they are represented by a superposition of a sufficiently
high number of partial waves. Again, an extended Kolmogorov spa-
tial turbulent energy spectrum and the modified Gaussian frequency
factor is applied. Using the stellar parameters of 55 Cnc as input
(see Sect. 2.1), we find FLTW = 1.7 × 108 erg cm−2 s−1 (upward
directed flux) for a magnetic field strength of B0 = 1698 G (see Sect.
2.3), independent of the value of the filling factor f0, with a repre-
sentative wave period of PLTW = 60 s as also obtained for acoustic
waves. The wave frequency spectrum for LTWs is given in Fig. 1.

2.3 Flux Tube Models

The nonlinear interactions between the magnetic structures given as
flux tubes on the stellar surface and the surrounding turbulence entail
the generation of waves that are able to heat the stellar atmospheres,
see, e.g., Ulmschneider et al. (2001) and related studies. This ap-
proach has also been implemented for the current computations. The
computations are started by constructing thin magnetic flux tubes that
are vertically oriented in a magnetic-free surrounding. Therefore, we
need to specify four basic parameters; namely, the stellar effective
temperature Teff , the surface gravity g, the magnetic field strength at
the stellar surface B0(z = 0 km), and the surface magnetic filling
factor f0(z = 0 km). Regarding our models, the latter determines
the geometry of the magnetic flux tubes as well as the tube spreading
at the upper layers. It is noteworthy that the efficiency of wave heating
of the upper layers critically depends on the flux tube geometry (e.g.,
Fawzy et al. 1998).

The value of the magnetic field strength, B0(z = 0 km), is of
critical importance for the generation of the magnetic wave energy

1 See Table 2 for a summary of the acronyms.
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Figure 1. Initial wave energy spectra for acoustic wave models (top) and longitudinal flux tube models (bottom).

as the efficiency decreases for rigid tubes of higher field strengths.
The determination of the value B0(z = 0 km) from observations is
not straightforward; however, the value of B0f0 can be determined
with a relatively high accuracy2. For the current computations, we
use the solar case as guidance, where the magnetic field strength at the
base of the flux tube is readily assumed as η = B0(z = 0 km)/Beq

= 0.85 of the equipartition field (Beq); see, e.g., Fawzy & Cuntz
(2011) for an analysis on the impact of η on LTW simulations for
different types of stars.

The equipartition field is the maximum allowed magnetic field
strength for quasi-vacant tubes; it is computed from the horizontal
pressure balance equation given by

B2(z)

8π
+ Pi(z) = Pe(z) (1)

(e.g., Spruit 1981; Herbold et al. 1985). In order to compute the
equipartition field strength Beq, we set the internal gas pressure
Pi(z = 0 km) = 0, with the external gas pressure determined from
our initial models; here Pe(z = 0 km) = 1.59 × 105 dyne cm−2

entails Beq(z = 0 km) = 1998 G. The magnetic filling factor

2 Main-sequence stars of different activity levels but of the same spectral
type are expected to exhibit (approximately) the same value of B0, as set by
the stellar photospheres. Yet increased activity levels typically correspond to
larger photospheric magnetic filling factors f0; e.g., Johns-Krull & Valenti
(1996, 2000), See et al. (2019), among other literature.

f0(z = 0 km) can be computed from the empirically determined
relationship between B0f0 and the rotational period Prot given as

B0f0(z = 0 km) = 238 − 5.51Prot . (2)

The latter relation has been deduced by Cuntz et al. (1999) based on
data from Rüedi et al. (1997). Taking B0 = 0.85 Beq enables us to
compute the value of the magnetic filling factor at the stellar surface.
For the current computations, we consider two values of Prot = 42.2
days and 38.8 days; see Henry et al. (2000) and Bourrier et al. (2018),
respectively. The corresponding photospheric magnetic filling factors
are given as f0 = 0.3% and 1.4%, respectively. Figure 2 shows the
two constructed magnetic flux tubes based on these magnetic filling
factors.

2.4 Main Radiative Contributors

The main radiative contributors included in the current computations
stem from the H−, Ca II, and Mg II ions. The radiative losses from
singly ionized two-level atoms, i.e., the Ca II K and Mg II k lines,
are scaled to represent the respective multi-level atoms.

The underlying atomic models entail the five-level-based Ca II
lines (K, H, IRT) and the three-level-based Mg II lines (k and h),
besides the respective continua; the scaling is done in order to ac-
curately account for the total radiation losses. The following factors
have been adopted: for Mg II, the factors of 1.50 and 1.53 as used for
monochromatic waves and spectral waves, respectively, and for Ca II,

MNRAS 000, 1–12 (2020)
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Figure 2. Initial magnetic flux tube models for 55 Cnc. The photospheric
magnetic filling factor (main models) is given as f0 = 0.3% (purple). We
also discuss some models with f0 = 1.4% for comparison (green). The tube
opening radii are given as 100 km and 200 km, respectively.

the factors of 4.71 and 4.68. The total radiative damping function (in
erg g−1K−1s−1) is given as

dS

dt
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∣

∣

Rad

=
dS

dt
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∣

∣
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+
dS

dt

∣

∣

∣

∣

Ca II

+
dS

dt

∣

∣

∣

∣

Mg II

. (3)

Previously, state-of-the-art models, see
Rammacher & Ulmschneider (2003) for the Sun and Fawzy
(2015) for other late-type stars, have been developed to derive sets
of radiation correction factors. These allow the consideration of
adequate radiative energy losses given by multi-level atomic models
in the context of time-dependent wave computations. Figure 3 shows
the radiation damping functions for Ca II K and Mg II k lines as a
function of height and for an LTW model with a magnetic filling
factor of f0 = 1.4%. Generally, it is found that the formation
heights for Ca II and Mg II range between for 700 km and 1800
km, somewhat depending on the model. Radiative energy losses
are most pronounced behind strong shocks owing to the impact
of shock-shock interaction (see Sect. 3.1) and in models with
time-dependent hydrogen ionization omitted (see Sect. 3.2).

In the following, we will mostly study Ca II, even though radia-
tive energy losses by Mg II are relevant as well; see Paper II for a
more extended analysis. For example, for the LTW-NTDI model with
f=1.4% at an elapsed time of 3914 s, we find for the ratio (absolute
values) of the radiative damping function Mg II k / Ca II K values
between 5.4× 10−3 (minimum) and 2.1× 102 (maximum), with an
average given as 1.13, depending on the atmospheric height.

2.5 Computation of the Emergent Ca II Emission Fluxes

A pivotal aspect of time-dependent wave simulations, both pertain-
ing to LTWs and ACWs, is the calculation of the chromospheric
emission based on a detailed implementation for Ca II. The chromo-
spheric Ca II fluxes are computed by considering non-LTE (NLTE)
and partial redistribution (PRD) radiative transfer. For the adequate
representation of the multi-level atomic model of Ca II, we rely on
previous results by Fawzy (2015).

In this work, the radiation losses by two-level atoms of Ca II K line
has been scaled up through the usage of correction factors depending
on the type of model, which have been calculated and tested based
on detailed radiative transfer models. The current computations are
based on multi-ray 1.5-D radiative transfer assuming PRD. The flux
tubes are assumed to be distributed uniformly in a network structure
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Figure 3. Radiation damping functions regarding the Ca II K and Mg II k

lines for different models with f0 = 1.4% and an elapsed time of 3940 s.

over the star’s surface. The flux tubes are assumed to be heated
by LTWs and the voids (i.e., non-magnetic regions) by ACWs. To
ensure that the line fluxes represent the different wave phases, the
atmospheres inside the flux tubes are filled randomly with different
wave phases out of total 10 phases. The ACW models are intended
to describe basal chromospheric heating.

To ensure that all surface areas contribute to the computations of
the disk-integrated Ca II K emission fluxes, we consider five angles,
which are: θ = 26◦, 46◦, 60◦, 73◦, and 84◦. This approach assures
that all surface regions appropriately contribute to the overall Ca II
fluxes.

3 RESULTS AND DISCUSSION

3.1 Time-dependent Heating Models

We obtain time-dependent heating models by starting from the ini-
tial atmosphere and inputting wave energies in form of magnetic and
acoustic waves. They are gradually injected into the atmospheres over
a timespan of about three wave periods. This process calms down
the switch-on effects, thus allowing to obtain plausible outcomes
within a reasonable computational time frame. Thereafter, waves are
followed in time. Due to the outward decrease in gas density and pres-
sure, shocks form. Shock dissipation increases the local temperatures
of the chromospheric layers; they also initiate velocity fields and de-
cisively impact the local and global atmospheric thermodynamics.

MNRAS 000, 1–12 (2020)
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The ionization of the Ca to Ca II atoms (singly ionized Ca) as well
as the Mg to Mg II (singly ionized Mg) atoms are local indicators of
the increase in temperatures. After the transmission of (on average)
30 shocks, the atmospheres reach a state of dynamical equilibrium,
largely determined by the competition between the dissipated wave
energies and the radiative energy losses.

As part of our study, we consider different types of wave com-
putations, notably acoustic waves and LTW simulations, regarding
magnetic filling factors of f0 = 0.3% and 1.4%, respectively. In
monochromatic wave models, a dynamic equilibrium is obtained af-
ter the original “switch-on" phase of the atmosphere subsided. The
initial wave energy flux of the LTWs is about a factor of 5.2 greater
than that of the ACWs; however, owing to the shape of the flux tubes,
the wave energy flux of the LTWs is subjected to a significantly larger
degree of dilution. As it turns out, there is little difference in the shock
strengths in those models, which is identified as Msh ≈ 1.9, largely
independent of the atmospheric height.

However, significantly larger shock strength are encountered in
wave models based upon frequency spectra; this is a consequence
of shock–shock interaction also readily identified in previous works
(e.g., Cuntz 1987; Carlsson & Stein 1995; Ulmschneider et al. 2005;
Fawzy et al. 2012). This process is especially evident in LTW models
— noting that in some instances (although only temporarily) shock
strengths of Msh ∼

> 20 are found. Strong shocks have a profound
impact on dynamic stellar atmospheres, including high temperatures
as well as strong ionization in the post-shock regions (mostly in NTDI
models). Strong temperature spikes result in strong chromospheric
emission, notably in the Ca II and Mg II lines. However, strong
shocks also cause significant events of momentum transfer, leading
to atmospheric expansion, i.e., rapid episodic outflows, associated
with global cooling. Thus, in those models complex structures of
the overall thermodynamics and atmospheric radiative environment
occur.

3.2 Effects of Time-dependent Hydrogen Ionization

The importance of time-dependent ionization of hydrogen (as well
as of other species) in outer stellar layers has been pointed out in
many studies; see, e.g., Kneer (1980) and subsequent work. These
studies indicate that the time scales of the plasma reaction to, e.g., the
passage of shocks and the time scale associated with hydrogen ion-
ization processes do not coincide. Sudden fluctuations in the plasma
temperature are not mirrored by instant changes in the hydrogen ion-
ization degree. The radiative transfer equations in combination with
the statistical rate equations are solved for the NLTE populations
while also taking into account pseudo-partial redistribution (pseudo-
PRD). The current computations are based on the approach given by
Rammacher & Ulmschneider (2003) and subsequent work.

Our results show that the time-averaged degree of hydrogen ion-
izations increases as a function of height. Figure 4 depicts a time
series of similar wave phases at about the same time steps. Here
we study LTWs (monochromatic waves) with period of 60 s and an
initial magnetic energy of FLTW = 1.8 × 108 erg cm−2 s−1 com-
bined with a magnetic filling factor of f0 = 0.3%. We convey the
H, Mg, and Ca ionization levels as a function of height for models
with time-dependent ionization omitted (see Figs. 4a, 4b, 4c) versus
time-dependent ionization included (see Figs. 4d, 4e, 4f).

Comparing Figs. 4a and 4d reveals that the ionization levels of
hydrogen are strongly correlated with the shock strength and the
corresponding temperature jumps. For example, after the passage at
about 2500 s, a steady state of the hydrogen ionization is attained.
However, the saturation level of the degree of hydrogen ionization

does not exceed 20% contrary to the levels of Mg and Ca ionization.
Regarding Figs. 4a and 4c, a clear saturation in the hydrogen ioniza-
tion degree is reached around a height of 2300 km. Some similarities
in behavior are also found for models without time-dependent ioniza-
tion as in those models strict correlations between, e.g., the levels of
hydrogen ionization and the instant changes in the local temperatures
occur (see Figs. 4b and 4c). The hydrogen ionization levels reach a
steady state after around 1250 s, with levels of about 90% above a
height of 2000 km; this value of hydrogen ionization is considerably
higher than in the corresponding TDI models. In fact, models with
TDI experience saturation in regard to hydrogen ionization at mostly
20%; see comparison between Figs. 4a and 4d.

In summary, the time-dependent ionization of hydrogen leads to a
permanent increase in Mg II ionization as a function of height and
is uncoupled with the local temperature shocks. This behavior is not
observed in NTDI models, where the degree of hydrogen ionization
is largely coupled with the passage of local shocks and temperature
changes.

3.3 Properties of Time-averaged Atmospheres

Information on the properties of time-averaged atmospheres is given
in Figures 5 through 8. In the first two of these figures, we focus on
the temperature, the hydrogen ionization degree, and the Ca II and
Mg II ionization of the various models. For the sets of monochromatic
waves, the averaging in time has been pursued after the “switch-on"
phases have been subsided, which typically corresponds to about
30 wave periods. Regarding spectral waves, the “switch-on" phe-
nomenon persists, as expected; however, averages have been calcu-
lated over sufficiently long time spans in order to obtain meaningful
values.

The mean atmospheric temperatures are found to be highest for
monochromatic waves compared to spectral waves, which is due
to the fact that the very strong shocks initiated by shock–shock in-
teraction (i.e., merging) in spectral wave models result in strong
global cooling, thus counteracting the strong episodic heating by
those shocks. Furthermore, at large chromospheric heights, the mean
atmospheric temperatures are found to be highest in models of TDI
compared to NTDI. This behavior is attributable to the differences
in the shock strengths between the models.

Moreover, the degree of hydrogen ionization, on average, increases
with atmospheric height in all models. This behavior is as expected,
and it is a direct consequence of shock heating pertaining to at-
mospheres that are shaped by a decrease in density as a function
of atmospheric height. However, the degrees of both Ca II/Ca and
Mg II/Mg notably decrease as a function of atmospheric height; this
is a direct consequence of the occurrence of Ca III and Mg III due
to further ionization as caused by shock heating. Clearly, the number
densities of Ca III and Mg III are negligible at lower heights.

Furthermore, models of different magnetic filling factors f0 in-
dicate that larger filling factors correspond to higher (on average)
chromospheric temperatures. Moreover, those models are also char-
acterized by the highest Ca II/Ca ionization rates, especially in the
upper magnetically heated chromospheres. As previously discussed
in the literature see, e.g., Cuntz et al. (1999) and Fawzy et al. (2002b),
magnetic wave heating readily exceeds the heating potential of acous-
tic waves, especially in models of high magnetic filling factors.

At large chromospheric heights, there are also notable differences
in the behavior of the mechanical energy fluxes with respect to the
models incorporating TDI or NTDI; see Fig. 7. TDI models heated
by monochromatic or spectral waves show a more rapid dilution of
the wave energy flux as a function of height compared NTDI models.

MNRAS 000, 1–12 (2020)
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Figure 4. Snapshots of wave phases at different elapsed times for models based on time-independent hydrogen ionization (left panel) and time-dependent
hydrogen ionization (right panel). We convey the temperature, and the H+/H, Ca II/Ca and Mg II/Mg ionization levels as a function of the atmospheric height.

This behavior is due to the fact that in TDI models (especially those
based on wave spectra), Ca II and Mg II are mostly ionized to Ca III
and Mg III, respectively, at those heights.

Another interesting property is that increases in the initial me-
chanical energy fluxes (as explored for LTW models) are essentially
inconsequential at intermediate and large chromospheric heights.
This is a consequence of the well-known limiting shock-strength be-
havior, as established for monochromatic waves (e.g., Cuntz 2004),
but in terms of the wave energy flux also encountered by spectral
waves. In fact, as depicted by Table 3, only 1 to 4 % of the initial
total wave energy flux is converted to Ca II K emission, while the
lion’s share of that flux (including in models with the initial total
wave energy flux increased) is converted to H− emission.

Moreover, our simulations also indicate (see Fig. 8) that the mean
gas speed increases as a function of height. The highest speeds are
obtained in the upper chromosphere regarding spectral wave models.
This outcome is directly associated with the impact of strong shocks
in those models considering that they are able to facilitate the largest
amount of momentum transfer. The difference between models based
on spectral and monochromatic waves is about a factor of 5.

3.4 Studies of Ca II H+K emission

3.4.1 Results for Two-Component Wave Models

Finally, we focus on studies of Ca II emission based on our various
sets of models. The computation of the emergent Ca II emission
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Figure 5. Results for time-averaged atmospheres for different sets of models based on NTDI and TDI simulations while assuming different wave energy fluxes
and f0 = 0.3%. All models pertain to monochromatic waves. We depict the atmospheric temperature, H+/H ionization degree, the Ca II/Ca ionization degree,
and the Mg II/Mg ionization degree. For comparison we also give the results for acoustic waves (monochromatic, TDI).

fluxes for the different types of theoretical models follows the ap-
proach outlined in Sect. 2.4 and 2.5. It ensures that all surface areas
contribute to the computations of the disk-integrated Ca II emission,
which is done through consideration of different angles of view.

Table 3 conveys the Ca II K surface integrated fluxes of the various
models. Regarding TDI models with initial wave energy fluxes of 1.0
× LTW and f0 = 0.3% , it is found that the emergent Ca II K
for the core emission (defined over a wavelength range of ∆λ =
±0.3) is approximately 6% higher for spectral waves compared to
monochromatic waves — which is due to strong shocks occurring in
spectral wave models due to shock–shock interaction, which is largely
absent in monochromatic models. Table 4 shows that this trend also
applies to models with f0 = 1.4%. Here the emergent Ca II K for the
core emission is about 15% higher for spectral waves compared to
monochromatic waves. The corresponding Ca II K output for acoustic
waves (spectral models) is reduced by 38% and 65%, respectively,
relative to the LTW models with f0 = 0.3% and 1.4%. Models
employing the NTDI assumption tend to show higher values for
the emergent Ca II K core emission as in those models — at least
occasionally — higher radiative emissions in the post-shock regions
occur.

In our reference models, the computation of the emergent Ca II
fluxes are based on instantaneous time-sequences of about 10 wave
phases with shocks, assessed over timespans of approximately 55 s.
In order to study the relevance of nonlinearities, as imposed by
the shocks, including the associated effects on the emergent Ca II
fluxes, we also generated time-averages for every five phases over

timespans of about 27.5 s. The comparisons to the instantaneous
models reveal that the total emergent Ca II fluxes (line cores and
wings) are about the same for both cases, but the time-averaged core
flux is reduced by about 20% compared to the value obtained by
the instantaneous reference model. Figure 9 shows the results for an
LTW model heated by monochromatic waves with time-dependent
ionization and a magnetic filling factor f0 = 0.3%.

3.4.2 Consideration of Mode Coupling

Our main models consider two-component chromospheres based on
ACWs and LTWs. However, we augmented this approach through
the consideration of torsional magnetic tube waves (TTWs); e.g.,
Noble et al. (2003) for a detailed analysis of TTW wave energy gen-
eration with applications to the Sun. TTWs are readily excited in flux
tubes through foot-point motions. In the context of this work, adopted
wave energy fluxes of TTWs are expressed in multiples of the wave
energy fluxes of LTWs. This approach is also used in assessments of
Ca II emission.

The power spectrum analysis of the vertical and horizontal veloc-
ity fluctuations in the Imaging Magnetograph eXperiment (IMaX)
data revealed the existence of the interactions between longitudinal
and transverse wave oscillations in small scale magnetic features
(Stangalini et al. 2013). Hasan et al. (2003) previously showed that
the nonlinear coupling of LTWs and TTWs plays an important role
in the heating of upper solar chromospheric layers. The heights of
shock formation for both types of waves have been identified as
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Figure 6. Same as Fig. 5, but pertaining to spectral wave models.

relatively similar, and after shocks are formed the mode coupling re-
mains highly efficient, thus effectively contributing to chromospheric
heating and emission.

In the view of these findings, we also computed models while
employing linear increases in the input mechanical energy for LTWs
with factors ranging from 0.5 to 6 times of the initial mechanical
energy carried by LTWs; see Table 3 for information. It was found
that the obtained emitted Ca II fluxes are strongly correlated with
the amount of input mechanical energy up to a value of about 3.5 ×

LTW; however, the emitted fluxes reached distinct levels of saturation
(depending on whether the TDI or NTDI assumption is employed).
This can be explained by the fact that the heating by wave coupling
reaches a limit, implying that other mechanisms would be required
to increase the amount of wave energies any further. In case of strong
shocks, associated with higher wave energy fluxes, high amounts of
momentum transfer occur entailing global cooling, which tends to
counteract the heating initiated by the strong shocks. Results for the
Ca II K core fluxes (defined over a wavelength range of ∆λ = ±0.3)
for different types of models are displayed in Figure 10. Here ∆λ is
calculated relative to the unheated atmosphere; thus, the subtraction
of the photospheric contribution is readily considered.

4 SUMMARY AND CONCLUSIONS

We pursued various chromospheric heating calculations for 55 Cnc,
a main-sequence star of spectral-type late-G; this star generally ex-
hibits a low level of chromospheric activity. This behavior stems from
its old age (Mamajek & Hillenbrand 2008; von Braun et al. 2011;

Yee et al. 2017) and slow rotation (Henry et al. 2000; Bourrier et al.
2018). Previously developed codes allow us addressing the dif-
ferent steps of the magneto-acoustic heating picture3, comprised
of convective energy generation (e.g., Musielak et al. 1994, 1995;
Ulmschneider et al. 2001), the propagation and dissipation of
waves through different layers of the stellar atmosphere (e.g.,
Buchholz et al. 1998; Fawzy et al. 2002a), and the emergence of ra-
diative energy output (e.g., Cuntz et al. 1999; Fawzy et al. 2002a).

Besides acoustic waves, our models prominently also take into ac-
count longitudinal flux tube waves to address magnetic heating (e.g.,
Narain & Ulmschneider 1996). LTWs are constraint by 55 Cnc’s stel-
lar parameters, notably its rotation period, which in the framework
of our model allows us to describe the photospheric and chromo-
spheric magnetic filling factors; see, e.g., Cuntz et al. (1999) for a
discussion of the inherent features and limitations of this approach.
Previous models for ǫ Eri based on this kind of approach were given
by Fawzy & Cuntz (2018). Moreover, we calculated additional mod-
els for 55 Cnc that consider the time-dependent energy deposition by
transverse tube waves in an approximate manner.

The emergent Ca II K fluxes, an important component of the overall
chromospheric energy losses, have been computed in detail (multi-
ray treatment) assuming partial redistribution in combination with
time-dependent hydrogen ionization (main models). Here as well as
in our previous papers, these fluxes have been calculated and inter-
preted for different levels of stellar magnetic activity, representative

3 We contend that there is a large body of literature on that topic. The
following references are given as examples only; however, they are most
closely associated with the code package utilized by the authors.
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Figure 7. Behavior of the mechanical energy flux as a function of height for different sets of models. The top panel conveys monochromatic wave models, whereas
bottom panel conveys spectral wave models. Here we show both NTDI and TDI models while also assuming different wave energy fluxes and f0 = 0.3%. For
comparison we also give the results for acoustic waves (monochromatic, TDI).

Table 3. Ca II K SURFACE INTEGRATED FLUXES

Input Energy Item Mono-NTDI Mono-TDI Spectra-NTDI Spectra-TDI

1.0 LTW Total Flux 1.43E+7 1.40E+7 1.61E+7 1.62E+7
... Core Flux 5.17E+5 3.51E+5 4.68E+5 3.73E+5
1.5 LTW Total Flux 1.52E+7 1.41E+7 9.33E+6 2.11E+7
... Core Flux 5.49E+5 4.02E+5 4.14E+5 4.60E+5
2.0 LTW Total Flux 1.75E+7 1.46E+7 3.30E+7 2.35E+7
... Core Flux 5.96E+5 4.38E+5 4.31E+5 4.68E+5
3.0 LTW Total Flux 2.82E+7 1.95E+7 3.32E+7 3.64E+7
... Core Flux 6.71E+5 4.86E+5 5.27E+5 4.90E+5
6.0 LTW Total Flux 6.07E+7 5.61E+7 ... 5.61E+7
... Core Flux 6.73E+5 5.13E+5 ... 5.13E+5

of increased magnetic heating and emission (e.g., Cuntz et al. 1999;
Fawzy et al. 2002a, 2012, and references therein). Nevertheless, our
main focus relates to the low-activity stage of that star, represented by
a magnetic filling factor of f0 = 0.3%; however, additional models
with f0 = 1.4% have been calculated as well.

We note that the collisional excitation of the Ca II upper levels
of the H and K lines is proportional to the local electron density
(as well as the local temperature); see, e.g., Vernazza et al. (1981).

In the chromosphere, H ionization is the major source of electrons;
however, the ionization of H is very different for the NTDI and TDI
models and the temperatures are very different as well. On the other
hand, the Ca II emission is not very different for the NTDI and TDI
models considering that the Ca II H+K lines are formed over a wide
range of heights and thus temperatures. Nevertheless, the electron
densities notably differ between those types of models, especially
behind the shocks.

MNRAS 000, 1–12 (2020)
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Figure 8. Behavior of the mean gas speed as a function of height for different sets of models. The top panel conveys monochromatic wave models, whereas
bottom panel conveys spectral wave models. Here we show both NTDI and TDI models while assuming different wave energy fluxes and f0 = 0.3%. For
comparison we also give the results for acoustic waves (monochromatic, TDI). Note the different y-scales between the two panels.

Table 4. Ca II K SURFACE CORE INTEGRATED FLUXES

MFF Model Mono-NTDI Mono-TDI Spectra-NTDI Spectra-TDI

0.0 ACW 4.45E+5 2.87E+5 4.19E+5 2.30E+5
0.3 LTW 5.17E+5 3.51E+5 4.68E+5 3.73E+5
1.4 LTW 7.13E+5 5.69E+5 5.73E+5 6.54E+5

Based on our models, we obtained the following results:

(1) Both ACWs and LTWs form shocks in the upper photosphere /
lower chromosphere In case of monochromatic waves, the height of
shock formation for LTWs (with f0 = 0.3%) is about 30 km lower
in response to the higher wave energy flux. Generally, higher shock
strengths are attained for spectral waves compared to monochromatic
waves. This result agrees with previous findings (e.g., Cuntz et al.
1998, 1999; Fawzy & Cuntz 2018). Notable differences between the
models occur at larger heights, mostly due the impact of dilution of
the wave energy flux.

(2) The mean atmospheric temperatures are highest in monochro-
matic wave models compared to spectral wave models. Regarding
both monochromatic and spectral models, NTDI models exhibit a
spatial increase in temperature contrary to TDI models. This behav-
ior is attributable to the differences in the shock strengths between
those models.

(3) The formation heights for Ca II and Mg II range between for
700 km and 1800 km, somewhat depending on the model. Radiative
energy losses are most pronounced behind strong shocks owing to the
impact of shock-shock interaction and in models with time-dependent
hydrogen ionization omitted. Peaks of Ca II and Mg II emission

MNRAS 000, 1–12 (2020)
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Figure 9. Ca II K profiles for an LTW TDI model heated by monochromatic
waves based on the instantaneous and the time-averaged atmosphere.

behind shocks (including those of large strengths) do not occur in
TDI models owing to the difference in the time scales between the
ionization processes and shock propagation.

(4) Models of different magnetic filling factors f0 indicate that a
larger filling factor corresponds to a higher (on average) chromo-
spheric temperatures. Moreover, those models are also characterized
by the highest Ca II/Ca ionization rates, especially in the upper mag-
netically heated chromospheres. This result is relevant for stages of
enhanced stellar magnetic activity; see, e.g., Fawzy et al. (2002b) for
previous results — as well as for stars other than 55 Cnc.

(5) Increased initial mechanical energy fluxes (as explored for LTW
models) are essentially inconsequential at intermediate and large
chromospheric heights for the atmospheric radiative energy losses, a
consequence of the limiting shock-strength behavior, as established
and partially also encountered by spectral waves. In fact, only 1 to 4 %
of the initial total wave energy flux is converted to Ca II K emission,
while most of that flux (including in models with the initial total
wave energy flux increased) is converted to H− emission.

(6) At large chromospheric heights, notable differences exist in the
behavior of the mechanical energy flux for models based on TDI
versus those based on the NTDI approximation. TDI models heated
by monochromatic or spectral waves show a faster dilution of the
wave energy flux at larger heights compared to NTDI models. This
is because Ca II and Mg II are mostly ionized to Ca III and Mg III,
respectively, at those heights, especially in TDI models employing
wave spectra.

(7) Regarding the averaged Ca II core fluxes, we also investigated
the impact of increased initial wave energy fluxes. We found that the
emitted Ca II fluxes are strongly correlated with the amount of the
inputted wave energy up to a value of about 3.5 × LTW; however,
thereafter a saturation level is reached. The reason is that heating
by wave coupling reached its limit (in part caused by strong cooling
associated with the momentum transfer due to strong shocks). Hence,
other mechanisms would be required to further increase the overall
atmospheric thermal energy budget.

(8) Our study on 55 Cnc, based on the propagation and dissipation of
waves, constitutes another opportunity to illustrate the significance of
nonlinearities. Assuming LTW TDI models with f0 = 0.3% heated
by monochromatic waves based on either the instantaneous or the
time-averaged atmosphere indicates that the Ca II K core flux is
significantly reduced if based on a time-averaged model atmosphere
relative to the (realistic) instantaneous atmosphere.

The aim of this study was a detailed assessment of LTW and ACW
models for 55 Cnc pertaining to magnetic and nonmagnetic regions,
respectively. The next article of this series (Paper II) will feature a
comparison between our theoretical models and observations.
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