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ABSTRACT

Ahead of upcoming space missions intending to conduct observations of low-mass stars in the ultraviolet
(UV) spectral region it becomes imperative to simultaneously conduct atmospheric modeling from the UV to
the visible (VIS) and near-infrared (NIR). Investigations on extended spectral regions will help to improve
the overall understanding of the diversity of spectral lines arising from very different atmospheric temperature
regions. Here we investigate atmosphere models with a chromosphere and transition region for the M2.5V
star GJ 436, which hosts a close-in Hot Neptune. The atmosphere models are guided by observed spectral
features from the UV to the VIS/NIR originating in the chromosphere and transition region of GJ 436. High-
resolution observations from the Hubble Space Telescope and Calar Alto high-Resolution search for M dwarfs
with Exo-earths with Near-infrared and optical Echelle Spectrographs (CARMENES) are used to obtain an
appropriate model spectrum for the investigated M dwarf. We use a large set of atomic species considered in
nonlocal thermodynamic equilibrium conditions within our PHOENIX model computations to approximate the
physics within the low-density atmospheric regions. In order to obtain an overall match for the nonsimultaneous
observations, it is necessary to apply a linear combination of two model spectra, where one of them better
reproduces the UV lines while the other better represents the lines from the VIS/NIR range. This is needed to
adequately handle different activity states across the observations.

Keywords: stars: activity — stars: chromospheres — stars: transition region — stars: individual (GJ 436) — stars:
low mass

1. INTRODUCTION

Modeling the lowest-density regions of stellar atmo-
spheres, from the chromosphere to corona (also referred to as
the upper atmosphere in the following), remains a challeng-

ing exercise. Processes such as acoustic heating (Wedemeyer
et al. 2004), ambipolar diffusion, and conduction (Fontenla
et al. 1990, 1991, 1993) are believed to contribute to the
nonradiative heating in the upper atmosphere, but incorpo-
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rating these into a self-consistent atmosphere model remains
difficult given the range of densities and temperatures. Us-
ing semiempirical one-dimensional temperature structures,
as first used for modeling different regions on the surface
of the Sun (Vernazza et al. 1973, 1981), turned out to be
highly effective in computing synthetic spectra that match
spectral lines arising from its upper atmosphere. Atmosphere
codes such as PHOENIX (Hauschildt 1992, 1993; Hauschildt
& Baron 1999) can take into account the upper atmosphere,
i. e., the chromosphere and transition region (designating the
steep rise in temperature between chromosphere and corona),
and have been proven capable of reproducing observed chro-
mosphere and transition region lines of M-dwarf stars from
the ultraviolet (UV) (e. g., Peacock et al. 2019a,b) to the vis-
ible (VIS) and near-infrared (NIR) wavelength ranges (e. g.,
Hintz et al. 2019, 2020).

The M2.5V star GJ 436 and its closely orbiting Hot Nep-
tune GJ 436b have been continuously in the spotlight of sci-
entific investigations throughout the last two decades. GJ 436
is located 9.78 pc away from the Sun (Gaia Collaboration
etal. 2021) and has a radius of 0.42 R, and a mass of 0.44 M,
(Rosenthal et al. 2021). This M-dwarf star exhibits periodic
variations on short- and long-term scales. The rotational pe-
riod of 44.6 days (Diez Alonso et al. 2019) and an activity
cycle of about 7.4 yr (Lothringer et al. 2018) have been de-
tected from photometric variations. Chromospheric activity
indicators have been found to vary on similar timescales due
to rotation (Sudrez Mascarefio et al. 2015) and the activity
cycle (Kumar & Fares 2023). GJ 436b orbits its host star
at 0.03 au with an orbital period of 2.64 days (Butler et al.
2004) and it is well known that high-energy radiation, from
the host star in the UV and X-ray range, can significantly in-
fluence the atmosphere of exoplanets (e. g., Lammer et al.
2007, Tian et al. 2008). Due to the close orbit of GJ 436b,
the high-energy radiation from GJ 436 strongly influences the
Hot Neptune’s atmosphere and drives its atmospheric evolu-
tion (Kulow et al. 2014; Ehrenreich et al. 2015; Bourrier et al.
2016). From extensive and continued observations of GJ 436
and access to precise transmission spectroscopy of GJ 436b,
it becomes essential to study the low-density part of the at-
mosphere of the host star in order to better understand the
characteristics of GJ 436 and, eventually, to improve our un-
derstanding of GJ 436b.

Stellar activity is a common property of M-dwarf stars and
there are a number of spectral lines that are sensitive to this
activity as well as to the temperatures across the upper at-
mospheric layers (Vernazza et al. 1981; Fontenla et al. 1990;
Andretta & Jones 1997; Fuhrmeister et al. 2005). In particu-
lar, the hydrogen Ha line at 6564.6 A (vacuum wavelength),
and located in the visible part of the spectrum, is a valuable
and often-used activity indicator (e. g., Stauffer & Hartmann
1986; Gizis et al. 2002; Robertson et al. 2016). However,

this line exhibits an ambiguous behavior in the low-activity
regime, i. e., with increasing stellar activity, the absorption
depth increases before filling in and reversing into an emis-
sion line with even stronger activity states (Cram & Mullan
1979). This complicated behavior can lead to misinterpreta-
tion, and so various chromospheric lines should be consid-
ered when studying stellar activity and related atmospheric
properties. The chromospheric lines of the Ca 1I infrared
triplet (IRT) (11 = 8500.4, 8544.4, 8664.5A) and Na 1 D
doublet (11 = 5891.6, 5897.6 A) constitute other tracers used
for activity-related investigations (e. g., Gomes da Silva et al.
2011; Martinez-Arnaiz et al. 2011; Robertson et al. 2016;
Martin et al. 2017). While the He line is formed in the upper
chromosphere, the Ca II IRT and Na I D lines can be used to
characterize the lower chromosphere (e. g., Hintz et al. 2019).
The He TIRT lines (14 = 10832.1, 10833.2, 10833.3 A) are
sensitive to temperatures from around 10 000 to 20 000 K and
therefore are good probes of the base of the transition region
(e. g., Andretta & Giampapa 1995; Andretta & Jones 1997;
Hintz et al. 2020). Their line formation is actually dependent
on the nonlocal UV continuum shortward of 504 A which is
capable of ionizing the neutral helium in the first place be-
fore the line’s lower energy level can be populated by elec-
trons (e. g., Andretta & Giampapa 1995; Andretta & Jones
1997; Hintz et al. 2020). This highlights the necessity of
further extending stellar atmosphere modeling by taking into
account broad wavelength ranges from the UV to the NIR
region. The He I IRT lines are also often used to measure
and investigate the atmospheres of exoplanets while transit-
ing their host stars (Allart et al. 2018; Nortmann et al. 2018;
Salz et al. 2018; Spake et al. 2018).

The hydrogen Lya line (1 = 1215.7 A), which contributes
a significant portion of flux to the UV part of the spectrum,
is used to study the shape of the transition region and consid-
ered a proxy for the often inaccessible extreme UV (EUV)
wavelength range (e. g., Linsky et al. 2014; Peacock et al.
2019a). Furthermore, irradiation from Lya is also known
to influence the composition of planetary atmospheres (e. g.,
Vidal-Madjar et al. 2004; Trainer et al. 2006). The C IV lines
at 1550 A are also relatively strong lines originating from the
transition region and are formed at even higher temperatures
than Lya (Linsky 2017). Both of these lines have previously
been used to model the transition region (e. g., Peacock et al.
2019a,b). The lines discussed above are all sensitive to dif-
ferent atmospheric regions and thus will provide the empir-
ical guidance we need to construct a model atmosphere ca-
pable of reproducing the overall UV through IR spectrum of
GJ436.

GJ 436 has already been the subject of stellar atmosphere
modeling in the UV (Peacock et al. 2019b) as well as in the
VIS and NIR (Hintz et al. 2019, 2020) wavelength regions.
Both studies used the PHOENIX code to obtain appropriate
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models to reproduce the spectral features considered. These
studies modeled the UV and VIS/NIR lines seperately, the
work of this paper models these regions simultaneously to
obtain an overall match to the observations.

Section 2 gives an overview about how the PHOENIX
models are constructed and important model properties.
Thereupon, we compare our synthetic spectra to GJ 436 ob-
servations (Section 3) obtained from the Hubble Space Tele-
scope (HST) for the UV region and from the Calar Alto high-
Resolution search for M dwarfs with Exo-earths with Near-
infrared and optical Echelle Spectrographs (CARMENES;
Quirrenbach et al. 2018) for the VIS/NIR range. Finally, in
Section 4 we summarize our results and give a conclusion of
this work.

2. MODEL CONSTRUCTION

For our modeling of GJ 436, we use the stellar atmo-
sphere code PHOENIX (Hauschildt 1992, 1993; Hauschildt
& Baron 1999). The PHOENIX code has the capability to
compute the synthetic spectrum based on a given semiem-
pirical, ad hoc 1D temperature structure (Fuhrmeister et al.
2005) where we are able to specify the temperature struc-
ture of the chromosphere and transition region and include
a nonlocal thermodynamic equilibrium (NLTE) treatment of
many atomic and ion species. The PHOENIX code is still
the subject of further ongoing improvements: for instance
the work by Peacock et al. (2019a,b) recently added a par-
tial frequency redistribution mode (Hubeny & Lites 1995;
Uitenbroek 2001) in order to better match observed reso-
nance lines such as the Lya line in the UV spectra of a few
M dwarfs. This makes the PHOENIX code a good choice
to create model spectra for spectral lines that are observed
in late-type stars and form in the upper atmospheres of these
stars.

By introducing free parameters that determine the atmo-
spheric position of the temperature minimum or the top of
the chromosphere (see, e. g., Hintz et al. 2019; Peacock
et al. 2019a, for a detailed description), we construct such a
semiempirical, ad hoc 1D temperature structure representing
the chromosphere and transition region. On top of the ba-
sic photosphere model (with the stellar parameters of GJ 436
as given in Table 2) we attach an atmospheric structure with
temperatures increasing outwards up to ~200 000 K.

In Fig 1, we show two example atmosphere temperature
structures we considered in this paper. The depicted mod-
els M1 and M2 differ by the onset of the transition region in
terms of the column mass density — M1’s transition region is
located at m = —5.2 dex while for M2 it is m = —5.0dex. In
Fig 1, we also indicate the temperature regions of M2 where
the majority of flux emerges for spectral lines discussed in
this work. These temperature ranges were determined from
the flux contribution function (Magain 1986; Fuhrmeister
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Figure 1. Temperature profiles of models M1 (green) and M2
(blue) as a function of column mass density (right panel). On the
left-hand side, we indicate approximate atmospheric temperatures
above the temperature minimum where most of the line fluxes of
Ly, C IV, Ha, He 1 IRT, Ca II IRT, and Na I D, in model M2
originate from according to the flux contribution function (Magain
1986; Fuhrmeister et al. 2006; Hintz et al. 2019). The correspond-
ing temperature regions of M1 are similar. For the Ca II IRT and
Na I D, lines, they are actually the same, while they are slightly
lower for the other lines, but ~2500 K at most. For M2 we indicate
by gray lines the boundaries of the transition region and upper (UC)
and lower chromosphere (LC), as well as the photosphere.

et al. 2006) and following the method described by Hintz
et al. (2019). A line formation analysis is beyond the scope
of this paper (for this, see, e. g., Falchi & Mauas 1998); how-
ever, with this we can get an impression about the tempera-
ture regions responsible in the chromosphere and transition
region. The onset of the transition region of model M2 is lo-
cated at a density almost ~1.6 times larger than in the case of
model M1.

Using different increases in temperature at different atmo-
spheric heights follows a well-known approach already tested
and applied to M dwarfs by several former model studies of
the Sun and M dwarfs (e. g., Vernazza et al. 1981; Andretta &
Jones 1997; Fuhrmeister et al. 2005). Furthermore, the gen-
eral shape of this temperature structure is similar to the one
obtained for the Sun by balancing radiative losses and the
nonradiative heating mechanisms of thermal conduction and
ambipolar diffusion as introduced by Fontenla et al. (1990,
1991, 1993). However, the steep temperature gradient of the
transition region simulates the conduction mostly responsi-
ble for the energy transport at these heights (Fuhrmeister
et al. 2005) and turned out to be an appropriate model ap-
proximation up to a temperature of 200 000 K (Peacock et al.
2019a,b).

Recent studies of M-dwarf stars using such 1D ad hoc tem-
perature structures in the upper atmosphere were able to ad-
equately match chromospheric and transition region lines of
Ha, Ca 11 IRT, Na I D, and He I IRT in the VIS and NIR
wavelength ranges in high-resolution spectra (Hintz et al.
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Table 1. Spectral observations of GJ 436 used for the considered spectral features.

Spectral Feature ~ Wavelengths [A] Spectrograph Average Resolving Power Observation Date References
Lya 1215.7 HST/STIS 14400 2015 Jun 24 1,2,3
C1iv 1548.2 HST/COS 16500 2015 Jun 25 1,2,3
NUV 2000-3000 HST/STIS 3000 2015 Jun 24 1,2,3
NalD; 5891.6 CARMENES/VIS 94600 2016 Jan 8 - 2016 Nov 20 4
Ha 6564.6 CARMENES/VIS 94 600 2016 Jan 8 - 2016 Nov 20 4
Ca I IRT 8500.4 CARMENES/VIS 94 600 2016 Jan 8 - 2016 Nov 20 4
He I IRT 10833.3 CARMENES/NIR 80400 2016 Jan 8 - 2016 Nov 20 4

Note— We use vacuum wavelengths throughout the paper. STIS: Space Telescope Imaging Spectrograph; COS: Cosmic Origins Spectrograph;

NUYV: near-UV.

References— (1) France et al. (2016); (2) Youngblood et al. (2016); (3) Loyd et al. (2016); (4) Quirrenbach et al. (2018).

Table 2. Stellar parameters of GJ 436.

Parameter Value Reference
M, [Mg] 0.441 + 0.009 1
Ry [Ro] 0.417 = 0.008 1
d [pc] 9.775 + 0.003 2
SpT M2.5 3
Tegr [K] 3533 +26 4
logg [dex] 4.83 4
Vrad [km/s] 9.59 + 0.001 5

References— (1) Rosenthal et al. (2021); (2) Gaia Collaboration
et al. (2021); (3) Alonso-Floriano et al. (2015); (4) Marfil et al.
(2021); (5) Fouqué et al. (2018).

2019, 2020). Furthermore, such models could also be used
to successfully reproduce spectral lines of Ly and Mg 1I in
the UV wavelength range of M-dwarf stars (Peacock et al.
2019a,b).

In the upper atmosphere where the temperature strongly
increases and the atmosphere becomes optically thin, it is
necessary to account for NLTE conditions when treating the
most abundant atomic and ion species. Therefore, the fol-
lowing elements are computed in NLTE: H 1, He 111, C 1-1v,
N 1-v, O 1-v, Ne -1, Na 1-m, Mg 1-1v, Al 1-1v, Si 1-1v, P 111,
S 1-m, CI 1-m, Ar 1-mn, K 1-mi, Ca -1, Ti 1-1v, V 1-m, Cr 1-
1, Mn 1-m1, Fe 1-1v, Co 1-m1, and Ni 1-m. We treat a total of
74 species in NLTE; for most of them we use level data pro-
vided by PHOENIX (Kurucz & Bell 1995), but for He 1-i1 and
C 1V we use the CHIANTI V7 (Landi et al. 2013) database.
As suggested by Fuhrmeister et al. (2006), we do not include
LTE background lines when treating hydrogen in NLTE.

In addition to electron collisions we employ hydrogen col-
lisional rates according to the empirical findings of Drawin
(1968, 1969), which are important for the formation of line
wings where hydrogen densities are orders of magnitude
higher than electron densities (Barklem 2007). This particu-
larly accounts for a correct treatment of the atmospheric re-

gion around the temperature minimum where collisions are
generally still important but the electron density is compa-
rably low. Further details about the model construction are
available in Hintz et al. (2019) and Peacock et al. (2019a).

3. COMPARISON TO OBSERVATIONS

In this work we use spectral observations from the HST
taken from the Measurements of the Ultraviolet Spectral
Characteristics of Low-mass Exoplanetary Systems Treasury
Survey (MUSCLES; France et al. 2016; Youngblood et al.
2016; Loyd et al. 2016) to analyze UV lines of GJ 436.
For investigating the VIS and NIR region of GJ 436, we
use spectral observations from CARMENES (Quirrenbach
et al. 2018). Due to a high level of telluric contamination
in the NIR region around the He I IRT lines we use the
CARMENES coadded template spectrum obtained from the
CARMENES reduction pipeline (Zechmeister et al. 2018;
Nagel 2019). The considered HST observations were taken
in 2015 June while the CARMENES observations cover the
period from 2016 January to 2016 November.

Investigating possible long-term cycles within the
CARMENES data, Fuhrmeister et al. (2023) did not find
any activity-related trend for GJ 436. Yet, apart from
CARMENES data, they could detect an Ry, long-term cycle
over a period of more than 17 yr with variations of less than
~20 % within the corresponding sinusoidal best fit of the
Ry, modulation. Kumar & Fares (2023) reported long-term
periodicities of Hae and Na I indicators of ~6 yr, which is
in line with the detected photometric cycle (Lothringer et al.
2018; Loyd et al. 2023). The activity study by Hintz et al.
(2019) included GJ 436, but could not find significant vari-
ations within the investigated chromospheric lines from the
activity state. The time period of the observational data used
from CARMENES only covers ~1/6 of the reported Ha and
Na I indicator perodicities and ~1/17 of the detected R}y,
cycle. Therefore, we only use a small fraction of any of these
and do not expect significantly strong variations within the
time period of 2016 we use for our coadded CARMENES
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spectrum. Furthermore, we checked the considered lines in
the coadded spectrum from CARMENES in timespans of
~ 3 and ~ 6 months for variations in 2016 and could not find
significant changes, either. Thus, we consider it reasonable
to use the averaged VIS/NIR CARMENES spectrum for our
investigation.

We convolve our PHOENIX spectra to the spectral resolu-
tions of the instruments in the respective wavelength ranges.
HST spectra have a resolving power at the wavelengths of
the Ly and C IV lines of ~14 400 and ~16 500 respectively,
while the resolving power is ~94 600 in the CARMENES
VIS channel (covering Na I D, He, Ca II IRT) and ~80400
in the NIR channel (He I IRT). Table 1 provides a summary
of the considered spectral features and respective observa-
tions of GJ 436 used in this work. An overview of the stellar
parameters of GJ 436 is given in Table 2.

3.1. Single models

In order to find a chromospheric PHOENIX model in good
agreement with UV and VIS/NIR observations of GJ 436,
we use two spectral lines observed by HST representing the
UV region as well as two lines from the VIS/NIR range ob-
served by CARMENES. Therefore, we are using two lines
to represent each wavelength region. The UV region is here
represented by the lines of hydrogen Lya at 1215.7 A and
C IV at 1548.2 A. When comparing our synthetic spectra to
the observed Lya line of GJ 436, we apply the interstellar
medium (ISM) transmission curve as found by Youngblood
et al. (2016) in order to compare our modeled Ly« line to
what HST is actually able to observe with respect to the in-
terstellar absorption along the line of sight. For the VIS/NIR
wavelength range, we use two of the activity indicators also
applied by Hintz et al. (2020) to find a matching model: the
hydrogen He line at 6564.6 A, and the strongest component
of the He TIRT at 10833.3 A which consists of the two red
overlapping triplet lines. The blue component of the triplet at
10832.1 A is not observable for this spectral type, but there
may be stronger molecular lines in this wavelength region
(Fuhrmeister et al. 2019).

In Figure 2, we show the observed lines as well as the mod-
eled lines obtained from the atmosphere structures depicted
in Figure 1. For the CARMENES observations, we normal-
ize both the observations and model spectra to the local con-
tinua since the CARMENES spectra are not flux-calibrated.
While the synthetic spectrum of model M1 better reproduces
the C IV line (xgy, = 9.7 compared to X2y \, = 103.7),
M2 yields a better match for Ha ()(%ImM , = 12.8 compared to
Xtiomz = 5-1). The situation in Lya and the He TIRT is less
clear, i. e., Xz-values of M1 and M2 differ by a factor of < 2
for these lines. Model M2 overpredicts C IV and the right
Lya wing, but matches He and also the He I IRT. On the
other hand, M1 fits C IV and the He I IRT, but underpredicts
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Figure 2. Models M1 and M2 (green and blue lines) obtained
from the temperature structures depicted in Fig 1 (with correspond-
ing color-coding) and observations (black lines) of GJ 436 shown
in the lines of Lya together with the ISM transmittance curve for
GJ 436 provided by Youngblood et al. (2016, gray dashed line; an
exemplary insight into how we apply the ISM transmission to our
model M2 is provided in Appendix A) (fop panel), C IV (second
panel), Ha (third panel), He 1IRT (bottom panel). Red lines corre-
spond to the best linear combinations of the model components M1
and M2. HST observations are scaled by d*/R? to the stellar surface.
VIS/NIR lines of CARMENES observations and model spectra are
continuum-normalized. The o-values correspond to the standard
deviations of the observed line flux (for Lya o is calculated from
the line wings only).
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Ha and the left Ly wing. However, the shapes of all lines
are reproduced by both models. We are investigating these
lines since the UV lines in this selection represent the two
strongest ones as measured by Peacock et al. (2019b) and the
Ha and He T'IRT lines exhibit discrepancies between the two
models. The Na I D, line at 5891.6 A and the bluest Ca 11 IRT
line at 8500.4 A, which have also been used in the modeling
conducted by Hintz et al. (2020), are almost identical in the
models M1 and M2 (see Figure B.2 in Appendix B).

Finding synthetic spectra that best match the observed
lines involves modifying the parameters characterizing the
densities and temperature rises of the chromosphere and tran-
sition region. However, significant departures from LTE of-
ten complicate the behavior of spectral lines with respect to
changes in the temperatures structure. As discussed by Pea-
cock et al. (2019a,b), the overall UV spectrum is very sensi-
tive to the column mass density at the base of the transition
region. However, individual lines respond differently, and
in some cases with opposite trends with respect to changes
in the temperature profile. For example, the He line de-
pends strongly on the structure of the upper chromosphere
and lower transition region while the Ca II IRT lines are
less affected by these atmospheric regions, and vice versa for
the structure of the lower chromosphere (Hintz et al. 2019).
However, Ha is not independent of the structure of the lower
chromosphere either, illustrating the difficulty of finding an
appropriate model that simultaneously reproduces the differ-
ent line observations.

An important reason for the differences between models
M1 and M2 shown in Figure 2 is the position of the transi-
tion region in terms of column mass densities as introduced
in Section 2. The transition region is crucial for all of the
lines considered in Figure 2. Increasing the present activ-
ity state, which corresponds to a transition region located at
higher densities, i. e., model M2 compared to M1, strength-
ens the line absorption of the He and He 1 IRT (Cram & Mul-
lan 1979; Avrett et al. 1994; Hintz et al. 2020). Yet the effects
of changing the transition region densities are more obvious
in the UV lines since they are formed at higher temperatures
than Ha and the He I IRT.

Figure 3 shows a series of models with similar temperature
profiles but varying temperature gradients in the upper chro-
mosphere (UC). Starting with model M2, we increased the
temperature gradient of the upper chromosphere, as given by

VTyc = , 6]

where T is the temperature and m the column mass den-
sity. In this series, the upper chromosphere starts at m =
10743 gecm™ and the corresponding temperatures vary in
steps of 500 K from 5500 to 7000 K (from M2d to M2). The
corresponding model spectra in the Ha region illustrate a

shift of the activity level (from M2d to M2; see also the ac-
tivity measurements displayed in Figure B.1), i. e., it comes
along with an enhancement in the He line absorption (the
He equivalent width increases by 12.5 % from M2d to M2).
The Lya flux also increases, but the line is less affected than
He (the integrated Ly flux changes by 4.6 % from M2d to
M2). It has a similar effect on both hydrogen lines but is
weaker than the shift of the transition region to higher densi-
ties (model M1 to M2, the integrated Ly« flux increases by
37.1 % while the Ha equivalent width increases by 15.7 %).
The resulting changes in the C IV and He I IRT lines when
varying VTyc are illustrated in Figure B.2. Shifting the tran-
sition region to higher densities increases the strength of both
hydrogen lines and also of the C IV line, while the He I IRT
absorption deepens as seen in Figure 2. The C IV line be-
haves similarly but changes less when changing the temper-
ature gradient in the upper chromosphere. The He I IRT
absorption increases with a high-density transition region,
but weakens when approaching a plateau-like structure in the
temperature profile of the upper chromosphere. On the other
hand, the Na I D, and bluest Ca II IRT lines mostly depend
on the lower chromospheric temperature regions and are thus
just marginally affected when adapting the upper chromo-
spheric parameters.

The behavior of a line is dependent upon the number den-
sities at the line formation depths, and thus these are useful
for illustrating what happens when a prescribed atmospheric
structure is modified. In Figure 3, we show the number densi-
ties of atomic hydrogen at two different locations in the tran-
sition region indicated by two different atmospheric temper-
atures. These are layers from which significant contributions
to Lya and Ha originate. For this we used the temperatures
of 22900 and 12200K for Lya and Ha, respectively. These
temperatures correspond to the central temperatures from the
formation regions indicated in Figure 1. An increase in the
number density of atomic hydrogen where Ha forms is con-
nected with an increase in the He absorption. The change
in the number density of atomic hydrogen at 12200 K from
M2 to M2d is one order of magnitude larger than is the case
in the temperature layer from which a significant contribu-
tion to Lya arises. The number densities of atomic hydrogen
at the Lya and He formation depths increase when shifting
the transition region to higher densities as well as when es-
tablishing a plateau-like profile of the upper chromosphere
(VTyc decreases from M2d to M2). However, a shift of the
transition region to higher densities leads to an increase in the
Lye flux, but it does not necessarily lead to the formation of
the He line in the same way. These findings indicate that the
line formation results from an interplay between several tem-
perature profile properties, such as the temperature gradient
of the upper chromosphere as well as the onset and tempera-
ture gradient of the transition region, rather than just shifting
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and He I IRT lines.

a prescribed temperature structure in terms of column mass
densities.

These illustrations reveal that it is indeed quite difficult to
reproduce the UV and VIS/NIR lines simultaneously with
just one model. The UV lines arise from hotter layers in
the transition region (Linsky 2017) and are strongly depen-
dent on its shape and also on the location of the temperature
minimum (Peacock et al. 2019a), while the chromospheric
densities are important for the lines in the VIS/NIR (Hintz
et al. 2019), yet the location of the temperature minimum
plays an important role in their formation as well. At this
point it is necessary to account for requirements of the dif-
ferent line formation heights as well as for the discrepancies
arising from the complexity of simultaneously modeling UV
and VIS/NIR lines observed at different times. Observations
from different time periods can be affected by the activity cy-
cle and may require a different approach than modeling the
considered lines with just one single model.

3.2. Linear combination of two models

By analyzing the line strengths of chromospheric indica-
tors such as He in M-dwarf stars it is possible to estimate sur-
face filling factors of active regions (Giampapa 1980, 1985).
It is common to divide the surface into two components:

F=(1-A)F,+AF, )

where F, F,, and F, represent the total, quiet, and active
line fluxes, respectively, and A denotes the fraction of all
active regions on the stellar surface while the fraction of
quiet regions is given by the factor (1 — A). This filling-
factor ansatz can be approximated by linear combinations
of model components (Giampapa 1985; Ayres et al. 20006).
This method has already been used in the recent past using
PHOENIX models by Hintz et al. (2019) following the ansatz
of Eq. (2) in order to model active and variable M stars, in-
cluding GJ 436. Hintz et al. (2019) found that the filling fac-
tor of the active model component increases with increasing
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Table 3. Estimating weighting factors (w;) in Egs. (3) and (4) from
line errors (o) and widths (c;).

Line LAl Al o [A1Y wi A2
Lya® 12157 35 201E+4 247E-10
cIv 15482 0.8 2.10E+3 2.26E-8
He 65646 09  146E-1 4.69E+l1

HeIIRT 108333 0.9 336E-2 8.86 E+2

Note— “ Line errors correspond to the standard deviations (within
Ai=ci/2) depicted in Figure 2. ® Due to interstellar absorption within
the Ly« core we neglect the inner core region of 1215.7+0.3 A when
determining o and applying the described y?-minimization to it.

activity states, but the difference in terms of the activity state
between inactive and active model components decreases for
less active stars.

We linearly combine a model capable of reproducing the
UV lines and another one that reproduces the VIS/NIR lines,
aiming at an overall match of the investigated lines — models
M1 and M2 from Figure 2, respectively. We use the Lya,
C IV, Ha, and He 1 IRT lines for this purpose and we adapt
the modified y?-minimization used by Hintz et al. (2019) in
order to look for the best combination of the two models.
Due to the different line widths and strengths, we weight the
respective line contributions when applying the modified y?-
minimization in the wavelength ranges of the lines in order
to approach an equal treatment of the lines as follows:

X = ) wixd, 3)

where Xiz corresponds to the sum of the quadratic model de-
viations from the observed flux values within a line i. The
weighting factors w; for the lines are determined from the
standard deviations o within the widths (c¢;) of the respec-
tive emission and absorption lines:

w; = 1/0'12. (@)

Table 3 lists the weighting factors, c¢;, and o for the con-
sidered lines. With these modified y2-values we are able to
compare the linear combinations among the models and iden-
tify our best match. Applying these to the y2-minimization
introduced above yields contributions of (1 — A) = 80 % and
A = 20% from model M1 and model M2, respectively, to
the linear combination. Including Na I D, and Ca II IRT
lines in this procedure would only marginally affect the re-
sults since M1 and M2 look quite similar in these lines. The
resulting best linear combination would be nearly identical
to the one without Na I D, and Ca II IRT lines; the change
in the fraction A would be of the order of ~ 1%. The red
model spectrum in Figure 2 shows the corresponding mod-
eled lines from the linear combination of these two models.
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Figure 4. The linear combination obtained from Section 3.2 for
the NUV region compared to an HST STIS observation (G230L
grating) of GJ 436. The model spectrum is reduced to the resolv-
ing power of 1000 corresponding to the maximum resolution of the
STIS G230L grating. Here we also indicate a couple of strong lines
and line bands within this spectral region.

It exhibits y2, = 45.1 compared to y2, = 50.5 for model M1
only, and x2, = 134.4 for M2, corresponding to an improve-
ment of 10.7% from M1 and 66.4% from M2 for the overall
match. With this approach we can get an overall match to the
observations. This means that the Ha and He I IRT cores are
matched by the linear combination model while we obtain a
reproduction of the Lya and C IV lines as well.

The near-UV (NUV) HST observation of GJ 436 and the
linear combination from Figure 2 are plotted in Figure 4. In
general, the linear combination reproduces the observations
in the range between ~2000 and 2300 A as well as in the
Mg 11 h and k lines. We find model deviations from the NUV
observation redwards of 2300 A, where there are some over-
predicted Fe II features overlapping with V 1, V II and Co II
lines, for instance. Even though we did not aim at modeling
the NUV region, we find that the synthetic spectrum from
this model can also reproduce the NUV observation.

3.3. Discussion

In this paper, we have aimed at finding a model spectrum
able to reproduce the average state of GJ 436. While we
used the coadded template spectrum of GJ 436 observed with
CARMENES over a time period from 2016 January to 2016
November to investigate its VIS/NIR spectral range, we used
single HST observations from 2015 June to cover the UV re-
gion. The model study of Hintz et al. (2019) included an
activity-related investigation on CARMENES observations
of M dwarfs and revealed that GJ 436 is exhibiting low ac-
tivity variations compared to four far more active stars in
their sample — for instance, the observed He and Ca II IRT
lines of GJ 436 appeared in pure absorption and only showed
marginal changes in their line strengths. The actual contrast
in terms of activity between the two model components in the
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linear combination found here is relatively low, for example,
compared to the combinations obtained for the four active
stars investigated in Hintz et al. (2019). So the active compo-
nent represents the active regions of an essentially not very
active star, which is in agreement with the star’s measured
log Ry < —=5.1 (e. g., Fuhrmeister et al. 2023). However, we
cannot exclude stronger activity-related changes, although it
has not been observed yet and GJ 436 only showed low ac-
tivity in other studies (e. g., Lothringer et al. 2018).

For the Lye line it is even harder to make a statement on
the variability on GJ 436 because interstellar absorption con-
siderably suppresses the observed line flux (e. g., Dring et al.
1997; Wood et al. 2005), and there is still a lack of continuous
UV observations of M-dwarf stars. From the Sun it is known
that Lya is highly variable over a range of more than 30 %
due to the stellar rotation and activity cycle (Vidal-Madjar
1975). However, GJ 436 is known to be a bright Lya emit-
ter (Ehrenreich et al. 2011). Therefore, it was important to
include the Ly« line in our modeling to take into account at-
mospheric heights where high-energy radiation is produced.
To account for these difficulties we excluded the inner Lya
line core in our investigation and we also included a second
strong line from the UV region. We also compared our fi-
nal linear combination model spectrum to the observed NUV
range of GJ 436 in order to verify that we obtained a model
that also reproduces the spectral region between the UV and
VIS/NIR lines discussed above.

As well as the astrophysical deficiencies described above
there are also model-dependent issues as to why the observed
lines are not entirely matched by the models. Model-related
shortcomings may be the considered NLTE species set and
the element abundances. One model with the chosen NLTE
set incorporating most of the abundant elements already con-
sumes several thousands of CPU hours. However, for fu-
ture modeling purposes and with improving computing per-
formances, it will become easier to take into account even
more species in NLTE. Furthermore, future modeling should
also test different element abundances. Trying to vary ele-
ment abundances across the model atmosphere, which may
be reasonable with respect to the very hot and low-density
regime of the transition region, represents another possibility
to improve the models. Besides, we use semiempirical tem-
perature profiles to approach the nature of the chromosphere
and lower transition region. Future modeling should test tem-
perature structures that account for a balance between heat
conduction, ambipolar diffusion, and radiative losses in order
to establish a more realistic perspective on the low-density,
atmospheric regions such as what has been done for solar
models by Fontenla et al. (1990, 1991, 1993) using the PAN-
DORA code (Avrett & Loeser 1992), but with a comparably
restricted NLTE set.

4. SUMMARY AND CONCLUSION

In this work, we stated the difficulty of modeling planet-
hosting star GJ 436 for different spectral features from the
UV to the VIS/NIR wavelength regions. Different line for-
mation temperatures that are separated by several thousand
Kelvin and optically thick lines such as the hydrogen Lya
and Ha lines that form over broad atmospheric regions re-
veal a high complexity when searching for a model able to
match all considered spectral lines. The temperature struc-
ture itself plays a significant role for the final model spec-
trum when adjusting the structure parameters with regard to
the different line responses. It is known that observed vari-
abilities of active low-mass stars arise from starspots (Rein-
hold et al. 2019), thus it is generally reasonable to account
for this by combining different models in order to approxi-
mate the real nature of the stellar surface. We applied a lin-
ear combination approach to simulate the heterogeneity of
the stellar surface of GJ 436 and we were able to obtain an
overall match of the UV and VIS/NIR lines. The more ac-
tive model component in the combination better matches Ha
while the more inactive component better reproduces C IV.
The higher activity state was necessary in order to reproduce
the absorption strength of Ha. The preferred active model
component contributes about 20 % to the linear combination,
but the main difference between the two components is the
transition region located at different densities. Because of the
very different formation regions of the lines that are taken
into account, we also checked the obtained combination in
the intermediate range of the NUV. Therefore, we conclude
that it is sufficient to model the M dwarf GJ 436 with a linear
combination approach consisting of two model components.
A similar approach should be considered to model other stars
of this spectral type in the same way. Even though GJ 436 ex-
hibits only small activity-related variations, we showed the
efficiency of the linear combination of two model spectra,
representing different activity states, for the reproduction of
spectral features observed at different time periods. In gen-
eral, this is a powerful and very flexible tool to match spectral
features sensitive to stellar activity when regarding variable
stars.
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APPENDIX

A. APPLYING THE LY« ISM TRANSMISSION CURVE

Supporting Figure 2, we depict in Figure A.1 how we apply the ISM transmission curve for GJ 436 using the results obtained
from Youngblood et al. (2016) on model M2. Onto the original model M2 Lya spectrum, we deploy the determined ISM
transmission fractions in order to take into account the interstellar absorption in the line of sight before accounting for the
instrumental broadening of the HST spectrograph. Thus, we can directly compare our modeled Ly line to the observed one.
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Figure A.1. Application of the Lya ISM transmission curve (green dotted line) for GJ 436 as found by Youngblood et al. (2016) to our model
M2 (blue solid line). The resulting modeled Lye line is shown in red. We also indicate the Ly« line core area we neglected within our modified
x*-minimization by the two dashed vertical lines.

B. MODELED LINE BEHAVIOR WHEN VARYING CHROMOSPHERIC TEMPERATURE GRADIENTS

Figure B.1 shows the corresponding activity measurements for the Ly, C IV, Ha, and He 1 IRT lines as given by integrated line
fluxes or equivalent widths for models M1 and M2 - M2d. Furthermore, as a supplement to Figure 3, we continue the displayed
line behavior of the models in Figure B.2 for the lines of C IV and He I IRT as well as the Na I D,, and bluest Ca II IRT lines
when varying the temperature gradient (VTyc) of the upper chromosphere.
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Figure B.1. Activity measurements for model series M2 - M2d as given by the integrated line fluxes (LF, left panel) of Lya (crosses) and C IV
(pluses), as well as the equivalent widths (EW, right panel) of Ha (circles) and the He I IRT (diamonds) for models M2 - M2d as a function
of VTyc. The colors of the models coincide with those in Figures 3 and B.2. We also show the corresponding values of M1 (green markers)

except for the LF (C 1V),

which equals to 1251.1erg s™' cm™2.

— M2
— M2b

M2c
— M2d

14000

12000

10000

8000

6000

Falerg/s/cm? /Al

4000 [

2000

Fa/lFc

0.7

He | IRT

1547.8

1548.2 1548.4

wavelength [A]

1548.0 1548.6

0.6

10832.0

10832.5

10833.0 10833.5 10834.0 10834.5

wavelength [A]

0.7

0.6

0.5

Fa/Fc

0.2

Call IRT

o OSEQO.S

5892.5

5892.0

589‘1.5
wavelength [A]

5891.0

0.0

8499.50 8499.75 8500.00 8500.25

8500.50 8500.75 8501.00 8501.25 8501.50
wavelength [A]

Figure B.2. Figure 3 continued for the C IV (upper left), He 1 IRT (upper right), Na 1 D, (lower right), and the bluest Ca II IRT (lower right)
lines. The colors coincide with those used in Figure 3.
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