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6 CAS Key Laboratory of Solar Activity, National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101, People’s Republic of China
7 University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

arXiv:2001.07078v1 [astro-ph.SR] 20 Jan 2020

2 Leibniz-Institut

(Received January 22, 2020; Revised later; Accepted later)

Submitted to ApJ
ABSTRACT
We study the dynamics of plasma along the legs of an arch filament system (AFS) from the chromosphere to
the photosphere, observed with high-cadence spectroscopic data from two ground-based solar telescopes: the
GREGOR telescope (Tenerife) using the GREGOR Infrarred Spectrograph (GRIS) in the He I 10830 Å range
and the Swedish Solar Telescope (La Palma) using the CRisp Imaging Spectro-Polarimeter to observe the Ca II
8542 Å and Fe I 6173 Å spectral lines. The temporal evolution of the draining of the plasma was followed along
the legs of a single arch filament from the chromosphere to the photosphere. The average Doppler velocities
inferred at the upper chromosphere from the He I 10830 Å triplet reach velocities up to 20 – 24 km s−1 , in the
lower chromosphere and upper photosphere the Doppler velocities reach up to 11 km s−1 and 1.5 km s−1 in the
case of the Ca II 8542 Å and Si I 10827 Å spectral lines, respectively. The evolution of the Doppler velocities at
different layers of the solar atmosphere (chromosphere and upper photosphere) shows that they follow the same
LOS velocity pattern, which confirm the observational evidence that the plasma drains towards the photosphere
as proposed in models of AFSs. The Doppler velocity maps inferred from the lower photospheric Ca I 10839 Å
or Fe I 6173 Å spectral lines do not show the same LOS velocity pattern. Thus, there is no evidence that
the plasma reaches the lower photosphere. The observations and the nonlinear force-free field extrapolations
demonstrate that the magnetic field loops of the AFS rise with time. We found flow asymmetries at different
footpoints of the AFS. The NLFFF values of the magnetic field strength give us a clue to explain these flow
asymmetries.
Keywords: UAT concepts: Solar chromosphere (1479), Observational astronomy (1145), Astronomy data analysis (1858), High resolution spectroscopy (2096), Solar photosphere (1518)
1. INTRODUCTION

Emerging flux regions (EFRs) are seen as magnetic concentrations in the photosphere of the Sun. From a theoretical
point of view, Parker (1955) and Zwaan (1987) proposed that
EFRs are formed in the convection zone and then emerge because of magnetic buoyancy (Parker instability) to the solar
surface. During the formation process of EFRs, merging and
Corresponding author: Sergio Javier González Manrique
smanrique@ta3.sk

cancellation of different polarities occur, leading to various
configurations of the magnetic field. Often, EFRs are visible in the chromosphere in form of magnetic loops loaded
with cool plasma (Solanki et al. 2003). They can be seen in
the chromosphere as dark fibrils and they can reach up to the
corona. Nowadays, we refer to them as an arch filament system (AFS, Bruzek 1967, 1969) which connects two different
polarities.
The AFSs are commonly observed in several spectral lines
such as in the strong chromospheric absorption line Hα, or
the line core of the Ca II H & K lines (e.g., Bruzek 1969; Su
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2. OBSERVATIONS AND DATA REDUCTION

A small EFR, containing two pores with opposite polarities
and an associated AFS in the chromosphere, was observed on
2015 April 17. The region of interest (ROI) is located at heliographic coordinates S19◦ and W4◦ (µ ≡ cos θ = 0.97).
Two instruments placed at two telescopes were involved in
this coordinated observing campaign: (1) the GREGOR Infrared Spectrograph (GRIS, Collados et al. 2012) located at
the 1.5-meter GREGOR solar telescope (Schmidt et al. 2012)
at Observatorio del Teide, Tenerife, Spain and (2) the CRisp
Imaging Spectro-Polarimeter (CRISP, Scharmer et al. 2008)
located at the Swedish Solar Telescope (SST, Scharmer et al.
2003) at Observatorio Roque de los Muchachos, La Palma,
Spain. The overlap of the two field-of-views (FOV) of the
instruments is shown in Fig. 1. The FOVs are aligned with a
continuum image of the Helioseismic and Magnetic Imager
(HMI, Scherrer et al. 2012; Schou et al. 2012) on board of
the Solar Dynamics Observatory (SDO, Pesnell et al. 2012).
We applied the standard data reduction to the spatiospectral data cubes of the very fast spectroscopic mode from
GRIS (González Manrique et al. 2016, 2018). The wave-
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et al. 2018; Diercke et al. 2019). AFSs can be observed in the
He I 10830 Å triplet (e.g., Solanki et al. 2003; Spadaro et al.
2004; Lagg et al. 2007; Xu et al. 2010; González Manrique
et al. 2018). This spectral line is formed in the upper chromosphere (Avrett et al. 1994) and is a very good candidate to
observe chromospheric features and particularly AFSs. Essentially, these structures develop with upflows in the midpoint of the loops and downflows at the footpoints (Solanki
et al. 2003; González Manrique et al. 2018). The upflows
can reach velocities up to 20 km s−1 and the downflows at
the footpoints are observed typically in a range between 30 –
50 km s−1 (see, e.g., Solanki et al. 2003; Balthasar et al. 2016;
González Manrique et al. 2017a; Zhong et al. 2019). Supersonic velocities at this chromospheric heights are considered
above v > 10 km s−1 (Aznar Cuadrado et al. 2005). These
high velocities translate into two components of the He I
10830 Å triplet, typically known as slow and fast components
(Lagg et al. 2004). The fast component reaches supersonic
velocities and at some height generates a shock because of
the transition from lower densities (corona) into higher densities (chromosphere and below). Hence, the He I profiles
are seen slightly in emission (Lagg et al. 2007). On the contrary, Xu et al. (2010) did not find any evidence for shocks in
the He I triplet and, therefore, proposed that the shock occurs
below the formation height of He I.
This study is the continuation of González Manrique et al.
(2017b, 2018), who studied the evolution of an AFS in He I.
The goal of the present study is to follow the evolution of the
plasma flows across several heights at the footpoints of an
AFS.
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Figure 1. Overview of the EFR at 09:06 UT on 2015 April 17: SDO
HMI continuum image (top) and HMI magnetogram (bottom). We
depict the the FOV of GRIS (red), CRISP (blue), and of the NLFFF
results in Fig. 4 (green).

length calibration includes corrections of the solar gravity
redshift and orbital-motion (see appendices A and B in Kuckein et al. 2012). Since telluric lines are present in our spectral
range, the Doppler velocities computed in this study were retrieved from an absolute-scale wavelength calibrated array.
The spectral region observed with GRIS comprises the photospheric Ca I 10839 Å and Si I 10827 Å lines, as well as the
chromospheric He I 10830 Å triplet among others. González
Manrique et al. (2017b, 2018) studied the same data set of
GRIS in the very fast spectroscopic mode in the He I 10830 Å
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spectral line. This study builds on the results of the previously mentioned papers.
Five time-series were recorded with CRISP each consisting of ten data sets with full-Stokes measurements in the
photospheric Fe I 6173 Å line and in the chromospheric
Ca II 8542 Å line. The observations cover the evolution of
the region between 08:47 UT and 9:20 UT with a FOV of
5400 × 5400 . The spectral sampling of the Fe I line consist of
19 wavelength positions with an equidistant step of 25 mÅ
(spectral range −225 mÅ to +225 mÅ with respect to the
central wavelength and a continuum position at +525 mÅ).
The exposure time amounts to 33 ms for a single image (12
accumulations, 33 ms each).
The spectral sampling of the chromospheric Ca II line
comprises 21 wavelength positions. The exposure time
amounts also to 33 ms for a single image (6 accumulations,
33 ms each). Sequentially observing both lines yields a total
cadence of about 50 s. The CRISPRED data pipeline (de
la Cruz Rodrı́guez et al. 2015) was used for CRISP data,
carrying out dark, flat-field, demodulation, prefilter corrections among others. The images were restored with MultiObject Multi-Frame Blind Deconvolution (MOMFBD, van
Noort et al. 2005) method, based on the algorithm by Löfdahl
(2002).
At around 09:05 UT, strong downflow velocities occur near
one pore. The 50th scan at 09:05:54 UT (see Fig. 2) was selected as a reference for the GRIS data because of the good
seeing conditions. The corresponding data set of CRISP was
taken at 09:05:27 UT, despite only fair seeing conditions prevailed at SST.
The HMI data were compensated for differential rotation
with respect to the central meridian. The reference image
was taken at 00:00:57 UT on 2015 April 17, considering that
the position of the EFR was exactly at the central meridian.
3. DATA ANALYSIS

A previous analysis of this data set was carried out for the
Doppler velocities of the He I 10830 Å triplet by González
Manrique et al. (2018). This triplet consists of one blue
and two blended red components. A small proportion of
spectral profiles contains apparent signatures of “dual flows”
(Schmidt et al. 2000), which split the component into a slow
and fast component. The single flow profiles of the red component of the He I triplet were fitted with a single Lorentzian.
Furthermore, the dual-flow profiles were fitted with a doubleLorentzian profile. Details of the procedure on how to fit
the two parts of the red component is explained in González
Manrique et al. (2016, 2018).
The Si I 10827 Å, the Ca I 10839 Å, and the Fe I
6173 Å spectral lines were fitted with a Gaussian using the
Levenberg-Marquardt least-squares minimization as implemented in the MPFIT IDL software package (Markwardt
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2009), to infer the respective LOS velocities at the core.
The wavelength references for the LOS velocities were set
to the laboratory wavelengths 10827.09 Å, 10838.97 Å, and
6173.33 Å, respectively, which were taken from the National
Institute of Standards and Technology (NIST)1 database.
The information encoded in the chromospheric Ca II
8542 Å spectral line was analyzed using the non-LTE inversion code NICOLE (Socas-Navarro et al. 2015). The inversion process is complex and time-consuming for non-LTE
lines. Hence, we concentrated only on a small region-ofinterest (ROI) of 40 pixels (Fp. 1 in Fig. 2). This region
was selected because we found strong chromospheric He I
downflows during 30 minutes (almost one hour in the case
of the Fp. 2 with 36 pixels, not inverted with NICOLE). We
investigated also Fp. 2 because the He I Doppler velocities
are higher than at Fp. 1 and the probability that the plasma
reaches the photosphere is even higher at Fp. 2 compared to
Fp. 1. The areas selected are represented by a red/blue contour in Fig. 2. The areas also depict the two regions with
higher frequency of occurrence of He I dual-flow profiles
during the observing period with GRIS (Fig. 5 in González
Manrique et al. 2018). In some pixels we find persistently
dual-flow profiles in 60 out of 64 He I maps. Since the aim
is to retrieve the LOS velocities, we focused only on the inversion of the Stokes-I profiles inside this region. For the
inversions, we took into account the isotopic splitting of the
Ca II NIR line (Leenaarts et al. 2014) and used the FALC
model (Fontenla et al. 1993) as an initial estimate for the atmosphere.
To investigate the evolution of the three-dimensional (3D)
magnetic topology of the AFS, we perform nonlinear forcefree field (NLFFF) extrapolations by using the “weighted optimization” method (Wiegelmann 2004; Wiegelmann et al.
2012). The boundary condition for the NLFFF extrapolation
is given by an HMI photospheric vector magnetogram with
an image scale of 0.500 pixel−1 which was preprocessed by a
procedure developed by Wiegelmann et al. (2006) to satisfy
the force-free condition. The NLFFF extrapolations are performed within a box of 224 × 104 × 128 uniformly spaced
grid points (about 81 × 38 × 46 Mm3 ).
4. RESULTS

In this study we investigate the height dependence of the
draining flows along the arch filaments across different layers
of the solar atmosphere, from the upper chromosphere down
to the photosphere.
Following the plasma requires carefully selected spectral lines observed simultaneously, which form at different
heights of the solar atmosphere and cover a large range of
heights. In this case, two chromospheric and three pho1
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Figure 2. Restored CRISP images (top and middle left) at 09:05:27 UT and slit-reconstructed GRIS images (top and middle right) at 09:05:54
UT on 2015 April 17 of the EFR: blue wing of the chromospheric Ca II line (top left), continuum intensity observed with GRIS (top right), line
core intensity of the chromospheric Ca II line (middle left), He I line depression (middle right), Si I Doppler velocity (bottom left), and He I
Doppler velocity (bottom left). The red/blue contours depict the location of strong downflows at two different footpoints (Fp1 and Fp2). Black
areas in the CRISP images indicate that there is no overlapping data with GRIS.

tospheric spectral lines were used, combining two different
ground-based telescopes.
We selected the two footpoints of a single arch filament
(see Fp. 1 and Fp. 2 in Fig. 2). We computed the average
Doppler velocities within the area of the contours of Fp. 1 and
Fp. 2 in every map available with both instruments. In Fig. 3,
we show the temporal evolution of the Doppler velocities for
the He I red component, Ca II, and Si I.
The temporal evolution of the average Doppler velocities
based on the He I triplet’s red component and the Si I spectral line of Fp. 2 is represented by blue and green bullets in
the top right and bottom right panels of Fig. 3. Practically
the entire CRISP data do not include the Fp. 2 area. Hence,
it was impossible to calculate the evolution of the Doppler
velocities at Fp. 2 based on the Ca II and Fe I spectral lines.
In both footpoints Fp. 1 and Fp. 2, the temporal evolution
of the Doppler velocities based on the He I red component
follows a similar pattern, showing peaks of high velocities
at around 09:00 UT. The flows represent the evolution taking place in the upper layers of the chromosphere. Between
08:17 UT and 08:41 UT of the time-series observed with
GRIS the average Doppler velocities varied in the range of
1 – 13 km s−1 for Fp. 1 whereas Fp. 2 fluctuated between 7 –
19 km s−1 . Around 08:41 UT (dashed line in Fig. 3), the

averaged Doppler velocities rapidly increased up to 20 and
24 km s−1 at Fp. 1 (09:00 UT) and Fp. 2 (09:02 UT), respectively. At the end of the time-series, starting at 09:08 UT the
Doppler velocities strongly dropped to 0 – 7 km s−1 for Fp. 1
and 2 – 4km s−1 for Fp. 2, respectively.
The temporal evolution between 08:47 UT and 09:20 UT
of the mean Doppler velocities based on the Ca II is delineated by red bullets (in Fig. 3). The Doppler velocities at
Fp. 1 were computed as averaged values within the range of
log τ ∈ [−2.4, −3.0] (red/blue contour in Fig. 2), corresponding to the upper photosphere. This range fits within the values
of the computed response functions (RFs) by Quintero Noda
et al. (2016) and Kuckein et al. (2017) for Ca II 8542 Å. The
plot exhibits the same peak at around 09:00 UT as the He I
Doppler shifts. The average Doppler velocities promptly increased up to 11 km s−1 and then rapidly dropped to almost
0 km s−1 . Thus, we assume that the plasma moves along the
leg of the arch filament at Fp. 1, from the upper to the lower
chromosphere/upper photosphere with a clear deceleration.
The line core of the Si I spectral line is formed in the
upper photosphere (e.g., Bard & Carlsson 2008; Shchukina
et al. 2017; Felipe et al. 2016). However, when computing
the Doppler shifts with a Gaussian fit, we retrieve the average shift of the line. The LOS velocity evolution at Fp. 1
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Figure 3. Temporal evolution of the average Doppler velocities of Fp. 1 (left) and Fp. 2 (right) as observed in the He I triplet red component
(blue), the Ca II spectral line (red), and the Si I spectral line (see Fig. 2). The dashed vertical lines mark the time when the Doppler velocities
suddenly increase.

does not show any clear sign that the plasma reaches the upper photosphere at the Si I height formation (green bullets
in Fig. 2). What we observe is likely the convection pattern
with Doppler velocities varying between ±0.5 km s−1 . Conversely, the velocity evolution at Fp. 2 shows an increase of
the velocities measured in Si I co-temporal to the one exhibited by the He I triplet in the upper chromosphere. At
the beginning of the time-series the velocity reaches up to
0.5 km s−1 . The velocity then rapidly increases at about the
same time as the He I triplet (dashed line in Fig. 3) reaching
velocities up to 1.5 km s−1 . Finally, the LOS velocities drop a
few minutes later than in the upper chromosphere, at around
09:10 UT. The average Doppler velocities computed for the
photospheric Fe I and Ca I photospheric spectral lines do not
show any correlation with the strong downflows seen in the
upper chromosphere.
The NLFFF extrapolations were modeled for four different times to associate the flows to the magnetic field topology (08:12 UT, 08:36 UT, 09:00 UT, and 09:24 UT). The
time range covers our ground-based observing time. Figure 4
shows different perspectives of the extrapolation results. The
colored loops represent how the estimated magnetic fields
strength of the AFS evolve with time. Close to the beginning of the observations with GRIS, the extrapolations exhibit slightly twisted magnetic loops with maximum height
of about 1.5 Mm. Approximately 24 and 48 minutes later,
the magnetic loops are no longer twisted and the height increased up to 3.2 and 5.1 Mm respectively. At the end of

the time-series, the height of the magnetic loop continued
to increase up to 8.4 Mm. This confirms the hypothesis of
González Manrique et al. (2018) concerning the evolution
of an arch filament (see their Fig. 15). The scenario presented by these authors suggests step by step how the plasma
rises from the photosphere to the chromosphere and even the
corona. The sketch only represents the evolution as seen in
the He I. In the first panels (Fig. 15) they described how the
plasma rises from the photosphere to the chromosphere and
the velocities at the loop tops reach their maximum upflow
velocities. After a few minutes the material starts to drain
along the legs towards the photosphere. This plasma accelerates reaching supersonic velocities. As seen in the last panels
(Fig. 15), the arch filament continues rising to the transition
region or even the corona. The downflows observed at the
footpoints progressively decrease until they completely vanish. The NLFFF extrapolations and the LOS velocities presented in this study corroborate this scenario.
In Fig. 4, the field lines of the emerging magnetic loops
were colored depending on the values of local magnetic field
strength. This clearly shows strong magnetic fields at the
footpoints and weaker fields at the loop tops. Interestingly,
Fp. 2 exhibits higher values than the values computed at
Fp. 1. This can be an important aspect to discern the downflow asymmetries between both footpoints (see Sect. 5).
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Figure 4. Magnetic structures revealed by NLFFF extrapolations for the arch filament studied in Fig. 3 connecting the footpoints Fp. 1 and
Fp. 2 (Fig. 1). Four points in time were selected to compute the extrapolations: before the observations (top), first indications of the rising loop
(second from top), during the time of the strongest Doppler velocities were detected as shown in Fig. 3 (third), and right after the observations
(bottom). The photospheric vertical magnetograms (Bz ) are displayed as background. The left panels depict the top view of the structures. The
right panels show the side view. The colored loops illustrate the AFS magnetic fields. The different colors of the field lines depict the different
values of the local magnetic field strength where red is the highest value.
5. DISCUSSION AND CONCLUSIONS

We scrutinized how the plasma flows along the footpoints
of an AFS connecting two different polarities through different layers of the solar atmosphere. In both footpoints the dynamic shows similar LOS velocity pattern at different atmospheric layers, the upper chromosphere and the upper photosphere. This similar behavior of the plasma flows at different
layers confirms that the plasma reached lower layers of the
solar atmosphere coming from the upper chromosphere.
To confirm the plasma reaching the upper photosphere at
Fp. 2, we used He I and Si I (GRIS), while at Fp. 1, we also
used Ca II (CRISP). As we demonstrate in Fig. 3, we do not
detect the plasma reaching the upper photosphere with the

Doppler velocities inferred from the Si I spectral line at Fp. 1
while at Fp. 2 they are well detected. We expected to observe
the same behaviour at Fp. 1 because the same LOS velocity
pattern is identified in the upper photosphere with the Ca II
spectral line. However, the Si I line is formed deeper in the
atmosphere than the Ca II line and the fast flows have not
reached the layers to which the Si I line is sensitive to. On
the contrary, the plasma reaches deeper layers of the solar
atmosphere at Fp. 2, compared to Fp. 1. We did not find
any emission signatures in He I. The shocks manifest themselves in emission in this triplet. Therefore, there is no evidence for emission. Consequently, we cannot confirm that
the plasma decelerates because of shocks produced below the
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He I height formation. A shock scenario cannot explain the
downflow asymmetries in our case. We propose a different
scenario based on the NLFFF extrapolations. The extrapolations (Fig. 4) do not show any obvious asymmetry of the
rising loop, e.g., twist or an inclination angle. Furthermore,
the extrapolations present different values of the magnetic
field strength along the legs of the loops. The leg at Fp. 2
clearly has stronger magnetic fields B (up to 600 G) than the
leg at Fp. 1. Interestingly, the field lines at Fp. 2 are more
compact or concentrated than those found at Fp. 1, which
suggests a smaller cross-sectional area at Fp. 2. Hence, the
magnetic field strength B together with the cross-sectional areas S are the key to understand the downflow asymmetries,
as explained below.
We assume that the plasma moves from the chromosphere
to the photosphere along a flux tube. The cross-sectional area
S of the tube is decreasing in the downward direction, and the
plasma becomes denser. The plasma motion is governed by
the equations of continuity, motion, and energy. The conservation of mass is given by the differential form of the continuity equation
∂ρ
+ ∇(ρv) = 0,
(1)
∂t
where ρ is the mass density and the Lagrangian derivative
d/dt ≡ ∂/∂t + v · ∇ was applied. If we also assume that
the fluid is stationary ∂ρ/∂t = 0, the dynamic equilibrium is
given by
∇(ρv) = 0.
(2)
If in addition the fluid moves along the field lines, then the
equation simplifies to
ρvS = c1 ,

(3)

where S is the area enclosing the field lines, and c1 is a constant. Similarly, one of Maxwell’s equations simplifies
∇B = 0,

(4)

where B is the magnetic field. If the magnetic flux is conserved then
BS = c2 ,
(5)
where S is again the area enclosing the field lines, and c2 is
another constant.
Following the aforementioned equations, a plausible explanation for the flow asymmetries is that the values of the
magnetic field B are higher at Fp. 2 compared to Fp. 1.
Stronger magnetic fields mean tighter field lines along this
leg (the lower the height is, the stronger is the magnetic field
B and the cross-sectional area S decreases). Consequently,
the lower the height the smaller the cross section at Fp. 2
compared to Fp. 1. If we take into account the equations
above (Eq. 3 and 5), together with the magnetic field values obtained from the extrapolations (∼600 G at Fp. 2 versus
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∼300 G at Fp. 1 at the level of the photosphere) and assuming that the density ρ is similar at both footpoints, the velocities necessarily need to be higher (about two times higher) at
Fp. 2 compared to Fp. 1. Since the field strength is stronger
at Fp. 2, owing to the conservation of the flux across the
flux tube the cross-sectional area S needs to be smaller and
hence the LOS velocities are higher at Fp. 2 than at Fp. 1.
The photosperic Si I velocities measured at Fp. 1 are around
±0.6 km s−1 and between 0 km s−1 and 1.5 km s−1 at Fp. 2
(see Fig. 3). These values are in line with the proposed scenario. This explains the downflow asymmetries between both
footpoints. In addition, it elucidates why the plasma slows
down sooner along the leg of the AFS at Fp. 1 and does
not reach the upper photosphere, as inferred from the Si I
Doppler shifts, whereas at Fp. 2 we have evidence that the
plasma reaches this height (as inferred from the Ca II inversions).
Downflows in arch filaments were explained by Chou
(1993) as the emergence of a flux tube into the solar atmosphere. Lagg et al. (2007) proposed that the plasma carried by the rising loops drains to lower layers of the solar
atmosphere along its legs because of the effect of gravity and
the concurrent needs for vertical hydrostatic equilibrium and
horizontal pressure balance. González Manrique et al. (2018)
proposed that the arch filament carries plasma during the rise
of the arch filament from the photosphere to the corona (see
their sketch in Fig. 15). The authors suggested that after a
certain time after the AFS starts rising, the plasma drains
towards the photosphere along their legs reaching chromospheric supersonic velocities. Based on NLFFF extrapolations, we demonstrate that the magnetic field loops of the
arch filament studied here rise with time (in about one hour)
from 1.5 Mm up to 8.4 Mm, confirming the hypothesis of
González Manrique et al. (2018) concerning the evolution of
an arch filament. Interestingly, the loop reaches the largest
height at 09:24 UT but the plasma flows already decline
around 09:10 UT (with the maximum around 09:00 UT).
We propose that the magnetic loop continues to rise but the
plasma inside of the loop is evacuated before the magnetic
loop reaches the corona. We observe that the He I absorption
at the loop vanishes at the end of our observations (See the
available movie in González Manrique et al. (2018)). Furthermore, we do not observe dual-flows anymore at the footpoints at the end of the observations (after 09:10 UT). Consequently, it is not possible to observe high velocities either
because they do not exist any longer or because we cannot
see them in the available spectral lines of this study.
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