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ABSTRACT

The flare activity of the Sun has been studied for decades, using both space- and ground-based telescopes. The former have
mainly focused on the corona, while the latter have mostly been used to investigate the conditions in the chromosphere and
photosphere. The Interface Region Imaging Spectrograph (IRIS) instrument has served as a gateway between these two cases,
given its capability to observe quasi-simultaneously the corona, the transition region, and the chromosphere using different
spectral lines in the near- and far-ultraviolet ranges. [IRIS thus provides unique diagnostics to investigate the thermodynamics of
flares in the solar atmosphere.

In particular, the Mg II h&k and Mg IT UV triplet lines provide key information about the thermodynamics of low to upper
chromosphere, while the C II 1334 & 1335 A lines cover the upper-chromosphere and low transition region. The Mg II h&k
and Mg II UV triplet lines show a peculiar, pointy shape before and during the flare activity. The PRySicallifitcipretationmren

ey SicaIICondionS UhE ChEO oS piere haCa eI ESEIprONIES AR HENMMEANEINGIY: . Sceral numerical exper-

ments with forward modeling or ad-hoc assumptions have partially succeeded in reproducing these profiles, although the derived
thermodynamic parameters seem either unrealistic or difficult to interpret in terms of physical mechanisms.

In this paper, we FioNIcHEcSCIECEEIENNCSORCHSICHPSHlEBoHES To better constrain the atmospheric
conditions, the Mg II h&k lines and the Mg II UV triplet lines are simultaneously inverted with the C II 1334 & 1335 A lines.
This combined inversion leads to more accurate derived thermodynamic parameters, especially the temperature and the turbulent
motions (micro-turbulence velocity). We use an iterative process that looks for the best fit between the observed profile and
a synthetic profile obtained by considering non-local thermodynamic equilibrium and partial frequency redistribution of the
radiation due to scattered photons. This method is computationally rather expensive (=~ 6 CPU —hour/ profile). Therefore, we use
the k-means clustering technique to identify representative profiles and associated representative model atmospheres. By inverting

the representative profiles with the most advanced inversion code (STiC), we are able to ESCIIGCHNGINCCNIGUCHPOIPIoMes

, While the micro-
turbulence velocity has values between 5-15 km/s, which seem to be more realistic values than the ones suggested in previous
work. More importantly, the line-of-sight velocity shows a large gradient along the optical depth in the high chromosphere. This
seems to be the parameter that gives the pointy aspect to these profiles.
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2 SAINZ DALDA AND DE PONTIEU

1. INTRODUCTION

A flare is the release of magnetic energy as a consequence
of reconnection in magnetically stressed coronal loops. The
magnetic energy stored in these loops comes from the low
solar atmosphere. Once it is released, it is transferred to
both the outer and the lower solar atmosphere in a variety
of energy forms: radiation, thermal energy, non-thermal en-
ergy (accelerated particles and turbulence), kinetic energy,
large-scale Alfvén waves, and others. The most evident ob-
servational counterpart of this sudden release of energy is an
enhancement in radiation flux (intensity) in almost any spec-
tral range. This description, although simplistic, allow us to
picture the basic flare phenomena. Many complex physical
processes however occur and need to be properly studied for
a full understanding of this type of solar event. This com-
plexity is also reflected in the observational data we have of
flares.

In the last few decades, with the advance of instrumenta-
tion, especially instrumentation onboard space-based obser-
vatories, we have largely improved our access to a steady
flow of high-quality flare data. In this paper, we focus our
attention on the interpretation of spectral signatures in the
Mg I h&k and C 11 1334 & 1335 A lines observed by the
Interface Region Imaging Spectrograph (IRIS, De Pontieu
et al. (2014)) during the X1.0-class flare of SOL2014-03-
29T17:48. In particular, we will analyze the profiles in these
lines corresponding to the flare ribbons duding the maximum
of the flare. In this location, at that time, the Mg II h&k pro-
files are characterized by a pointy, broad-on-the-base shape'.
Figure 1 shows a typical Mg II h&k profile in the quiet Sun.
The main features of the lines and their rest wavelength po-
sitions are indicated by labels and vertical lines respectively.

The resonance Mg II h&k profiles have been used in the
past for the study of the chromosphere (Lemaire and Sku-
manich 1973; Kohl and Parkinson 1976; Kneer et al. 1981;
Lites and Skumanich 1982), including the study of flares
(Lemaire et al. 1984). The theoretical modeling and inter-
pretation of these lines have been an active topic for decades
(e.g., Feldman and Doschek 1977; Lites and Skumanich
1982; Lemaire and Gouttebroze 1983; Uitenbroek 1997).
More recently, thanks to the advance in the computational
resources and triggered by the huge amount of data provided
by IRIS, these lines have been investigated using more real-
istic assumptions when solving the radiative transfer equa-
tion (RTE) (e.g., Leenaarts et al. 2013b,a; Pereira et al. 2013,
2015; Sukhorukov and Leenaarts 2017), including treatment

! By shape of a profile or a line, we mean the spectral distribution of the
intensity (specifically, the spectral radiance) with respect to the wavelength
in a given spectral range.
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Figure 1. Mg II h&k and Mg II UV2&3 lines - the latter belong-
ing to the Mg II UV triplet - as observed by IRIS in the quiet-sun.
Spectral sampling is 0.025. The rest position for the core of the
lines is indicated by the vertical dashed lines. The main features of
the & and k lines are indicated with labels. The wavelength values
are given in vacuum.

of polarized radiation (del Pino Aleman et al. 2016; Manso
Sainz et al. 2019).

In the extreme and very pointy profiles (see, e.g, Fig. 3)
studied in this investigation, the depression (or self-reversal)
in the core of the line (k3 and /3) has disappeared and the
top of the profiles is defined by an inverted-V shape in just a
few spectral samples. Note that some authors refer to single-
peaked Mg 11 h&k profiles as those profiles that show k3 and
h3 in emission, but at the same intensity or slightly higher
or lower than the k, and &, spectral features. Such profiles,
while being single-peaked, are mostly characterized by being
flat-topped, as they were described by Carlsson et al. (2015).
In contrast, the Mg II h&k profiles discussed in this paper are
single-peaked as well, but their main characteristics are: 1)
their very pointy top, as a consequence of the lack of k3 and
h3 features and of having the violet and red components of
the k, and h, almost totally blended in one pointy feature, ii)
extended broad wings, which renders indistinguishable the
ky and/or h; spectral features; and iii) the subordinated Mg II
UV triplet lines are in emission, in many cases also showing
a pointy, broad shape, albeit not as extremely pointy, since
the top of these lines shows an inverted-U shape.

The C I 1334 & 1335 A lines also show a pointy shape,
and in many cases it is red-shifted or showing a strong red-
shifted component. Rathore et al. (2015) investigated the be-
havior of C IT 1334 & 1335 A lines in quiet Sun and found
that the intensity profile may have both an optically thick and
an optical thin component. These authors found, also through
the analysis of the ratio of the intensity of the C II 1334 &
1335 A lines, that the single-peak profiles of C IT 1335 A
formed higher in the atmosphere than the single-peak pro-
files C 11 1334 A.

These kind of pointy spectral line profiles, specially the Mg
1T h&k, were identified in IRIS data as soon as the instrument
started to observe flares. Kerr et al. (2015) reported strong
emission in the Mg Il h&k and the Mg I UV2&3 lines in the
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ribbons of the M class flare SOL2014-02-13T01:40 observed
by IRIS. The authors noted the absence of the depression in
the core of the Mg II h&k lines, i.e., the lack of the k3 and
hs features. They also concluded, based on the ratio of the
intensity between the k and the h lines, that these lines are
optically thick during the flare. As we just mentioned above,
this may not be the case for the CII 1334 & 1335 A lines. The
profiles shown by Kerr et al. (2015) are inverted-U pointy
profiles. Figure 6 of Liu et al. (2015) shows a selection of Mg
II h&k profiles belonging to the flare studied in the current
paper. As we will discuss later, some of the profiles shown in
that figure are very pointy profiles, while the ones shown in
Figure 10 of that paper are extremely pointy profiles or type A
or B (see below). Xu et al. (2016) identified extremely pointy
Mg I h&k and C 11 1334 & 1335 A profiles in the positive
polarity part of the ribbon of the M1.4-class SOL2013-08-
17T18:43 flare, but not in the negative polarity part (decrease
in the contrast of the intensity).

Several models have been proposed to explain the pointy
profiles, particularly the ones observed by IRIS on SOL2014-
03-29T17:48. Rubio da Costa et al. (2016); Rubio da Costa
and Kleint (2017) studied the parameters needed to model
the Mg I h&k profiles observed during the maximum of this
flare. The authors modified the thermodynamics parameters
in hydrodynamic simulations (RADYN, Carlsson and Stein
1995, 1997), and then they obtained the synthetic profiles
of these lines using the RH code Uitenbroek (1997) consid-
ering non-local thermodynamic equilibrium (non-LTE) and
partial frequency redistribution of the scattered photons. The
authors obtained inverted-U, single Mg II h&k profiles by
increasing the temperature and density in the formation re-
gion of these lines. However, the intensity of these profiles
is larger than the intensity in the observed profiles. They
were only able to match intensity profiles with inverted-U,
single peak profiles when they considered a strong gradient
in the line-of-sight velocity (v;,,). These calculated profiles
show however a significant asymmetry. In addition, their
calculated profiles were not able to properly reproduce the
large broad wings observed in the IRIS observations, except
when they introduced micro-turbulent velocities (v,,;.) values
as large as 40 km 5!, which they considered to be an unreal-
istic value. Zhu et al. (2019) followed a similar approach to
that of Rubio da Costa et al. (2016), i.e., forward modeling
using RADYN and RH, to interpret the Mg II h&k lines of
the same flare studied by Rubio da Costa et al. (2016); Rubio
da Costa and Kleint (2017) and by us in the current paper. In
this case, the authors considered the impact of the Stark effect
on line broadening. They used the STARK-B database - in
which line broadening is calculated based on a semi-classical
impact-perturbation theory Dimitrijevi¢ and Sahal-Bréchot
(1995, 1998) - for the treatment of the quadratic Stark ef-
fect by RH. This is because the Stark effect previously im-

plemented in RH considers the adiabatic approximation to
calculate the quadratic Stark effect, and this approximation
may underestimate the broadening for the Mg II h&k lines
during flares (Rubio da Costa and Kleint 2017). In summary,
Zhu et al. (2019) were able to fit the extremely pointy Mg II
hé&k profiles observed by IRIS in the flare but only by con-
sidering an ad-hoc contribution of 30 times of the quadratic
Stark effect obtained by using STARK-B in RH. This ad-hoc
assumption allowed them to fit both the inverted-V, single
peak, the intensity, and the broad wings. However, the au-
thors were unable to provide a physical justification for the
large ad-hoc enhancement of the Stark effect. They also tried
to fit the broad wings by considering the STARK-B database
value and various values of v;,,,. They found an unrealistic
value of vy~ 30 km s~' below the formation region of the
line core of the Mg II h&k lines, and even in this case, the
fit in the part of the wings furthest from line core is not good
both for Mg II h&k and the Mg 11 UV triplet. In this paper,
we focus our attention on the study of both the extremely
pointy and the very pointy profiles observed by IRIS dur-
ing the maximum of the flare. This kind of profile is mostly
present during the maximum of the flare. We note that while
single-peaked profiles can also be seen in the pre-flare stage
and they may help us to predict the flare onset with about 30-
50 minutes advance notice (Panos et al. 2018; Woods et al.
2021), these are quite different: the peak of the latter Mg II
h&k profiles shows an inverted-U shape, the Mg I1 UV triplet
is barely in emission, and the C IT 1334 & 1335 A lines show
a wide inverted-U shape. The thermodynamics along the op-
tical depth of these unique pre-flare profiles was for the first
time described by Woods et al. (2021). In contrast, in the
current paper we will reveal the thermodynamics of the most
intriguing and peculiar profiles emitted at the maximum of
the flare.

The interpretation of these extremely pointy profiles during
the maximum of flares has presented a challenge for model-
ers and observers. In this paper, we present a solution - in
good agreement with several possibilities speculated in pre-
vious work - that is able to reproduce these complex profiles.
This solution provides reasonable values of the thermody-
namics parameters involved in the problem, i.e., gives a re-
alistic view of the conditions in the chromosphere of flare
during its maximum.

2. MATERIALS AND METHODS

The data analyzed in this paper correspond to the maxi-
mum of the X1-class flare at SOL2014-03-29T17:48. This
data are part of the multi-instrument observations that we led
from the Dunn Solar Telescope at Sacramento Peak Obser-
vatory in coordination with IRIS and Hinode (Kosugi et al.
2007). Moreover, this flare was simultaneously observed by
other observatories such as the Reuven Ramaty High-Energy
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GOES-15 X1 SOL2014-03-29T17:48
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Figure 2. Left: Temporal evolution of the X-ray flux during the X1-class flare at SOL2014-04-29T17:48. The vertical lines indicate the number
of some IRIS rasters that recorded this flare. Right: The image taken by the SJI instrument at IRIS during the maximum of the X1-class flare
SOL2014-03-20T17:48 at 2796, that corresponds to the chromosphere. The time indicated at the top of the panel corresponds to the step
number 4 of the raster. The location of the slits of all the steps of this raster (no. 175) are indicated with vertical lines. The colored squares
mark the location of the extremely pointy profiles of the type A (blue) and the type B (orange), and of the very pointy or combined profiles
(green). The locations in dark colors correspond to the profiles shown in figures 3, 4 and 5 respectively. The grey rectangle delimits the area

shown in figure 12.

Solar Spectroscopic Imager (RHESSI, Lin et al. 2002), the
Solar Dynamics Observatory (SDO, Pesnell et al. 2012),
and the Solar Terrestrial Relations Observatory (STEREQO,
Kaiser et al. 2008). A description of this unique observa-
tion and the evolution of the flare is provided in Kleint et al.
(2015).

The rasters obtained by IRIS of the region where this
flare ocurred - NOAA AR 12017 - span from 2014-03-
29T14:09:39 UT to 2014-03-29T17:54:16 UT. This active
region was located at p = 0.78, with p = cosf, and 6 the
heliocentric viewing angle. The maximum X-ray flux mea-
sured by GOES-15 during the flare took place at 2014-03-
29T17:48, which corresponds to raster no. 175 of the series
of rasters taken by IRIS (see Figure 2). Each raster consisted
of an 8-step scan with the slit crossing the two ribbons of the
flare. Each step of the raster is 2" in the direction perpendic-
ular to the slit, covering a field-of-view (FoV) of 14" x 174",
with 174" the length of the slit. The exposure time was nom-
inally 8s (but was reduced during the flare in response to the
onboard automatic exposure control algorithm), the spectral
sampling was 0.025 (in the NUV passband), and the spatial
sampling along the slit was 0”.16. At each step of the raster
the IRIS Slit-jaw Imager (SJI) took an image. In this obser-
vation, during the acquisition at steps number 1, 5, and 7 the
SJItook an image at 1400, at step number 3 an image at 2832,
and steps number 2, 4, 6 and 8 images at 2796. The FoV cov-
ered by the SJT was 167" x 174”. The right panel in Figure

2 shows the SJI image taken by IRIS during the maximum of
the flare at 2796.

Since we are mostly interested in understanding, as accu-
rately as possibly, the thermodynamics in the chromosphere,
we decided to investigate simultaneously the C II 1334 &
1335 A and the Mg II h&k lines. It has been shown that
these lines are sensitive to thermodynamics in roughly the
same region of the chromosphere, both by solving the radia-
tive transfer equation in 3D magnetohydrodynamics models
(Rathore et al. 2015), and by looking into the mutual infor-
mation shared by these lines (Panos et al. 2021). Having this
simultaneous information is a great advantage to decouple
the T and vy, encoded in the width of the spectral lines (see
Section 4.6 in Jefferies 1968).

In this paper we proceed in a similar fashion as Woods
et al. (2021) and invert simultaneously the C 1T 1334 & 1335
A lines, the Mg II h&k lines, and the blended Mg I UV2&3
line. In addition, in this paper, we invert the other line of
the triplet, Mg II UV1. Thus, following the analysis made
by Pereira and Uitenbroek (2015) and Pereira et al. (2015)
on the formation region of the Mg II h&k and the Mg I1 UV
triplet respectively, and by Rathore et al. (2015) on the C
II 1334 & 1335 A lines, we are in principle sampling the
solar atmosphere from the low chromosphere to the top of the
chromosphere. The caveat here is that some of the previous
work focused on quiet Sun, and it is known that during flares
the line formation can sometimes be significantly different.
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2.1. Data treatment: Clustering and Inversions

To simultaneously invert these lines we have taken ad-
vantage of the capabilities of the STockholm inversion Code
(STiC, de la Cruz Rodriguez et al. 2016, 2019) to solve
the radiative transfer equation for multiple lines and multi-
ple atoms, considering non-local thermodynamic equilibrium
and partial frequency redistribution of the radiation of the
scattered photons. STiC uses the RH code Uitenbroek (2001)
at the back-end to solve the RTE. STiC is the only code with
the ability to properly treat the Mg II h&k, Mg II UV triplet,
and C 11 1334 & 1335 A lines to recover the thermodynam-
ics encoded in these lines. However, to invert a single joint
profile of these lines takes between 6 to 8 CPU — hour - de-
pending of the complexity of the profiles. Because of this
computational burden, we have followed the strategy intro-
duced by Sainz Dalda et al. (2019), i.e., to invert the Repre-
sentative Profile (RP) and recover its corresponding Repre-
sentative Model Atmosphere (RMA) by the inversion of the
former. The RP is the averaged profile of a cluster of profiles
that share the same shape, i.e. the same atmospheric condi-
tions, since the shape of a profile is an encoded representation
of the conditions of the matter and the radiation in the region
where the lines are formed. To cluster the profiles we use
the k—means technique (Steinhaus 1957; MacQueen 1967).
This technique, due to its simplicity and robustness, has be-
come very popular in Machine Learning, and more recently
in solar physics. However, clustering in solar data (Stokes
V profiles) was already used in 2000 by (Sdnchez Almeida
and Lites 2000). Just like with any other method, care has
to be taken when applying it to the data. It is important to
understand how the method works. The core of the code is to
find the centroids of clusters of elements so that the elements
within a cluster are closer to its centroid than to any other
centroid. For that, the code calculates the Euclidean distance
(in the original k —means version) between an initial num-
ber of elements randomly selected (in the original k —means
version) and all the elements in the data set. Then, all the
closest elements to a centroid form a cluster. A new centroid
is calculated as the average of all the elements of that clus-
ter. And again, the distance between all the elements in the
data set and the centroids is calculated, and new centroids
are calculated as the average of the new cluster. This process
is repeated until the total sum of squared distance between
the within-cluster samples and their corresponding centroid
is minimized, that is:

K
arg min» Y " [|x;—pil[5 (1)

{6 =1 xjec

with ||-||2 the £, norm, {C;}¥ is a set of K clusters C, x;
the j"* sample belonging to the i"* cluster C;, and p; the av-
erage of the samples x belonging to the cluster C;, i.e., the

centroid. One of the challenges of this method is how to de-
termine the number of clusters K that are needed to properly
cluster the data set. Several methods have been proposed to
minimize the impact of this choice on the resulting cluster-
ing. We have selected the elbow method (Thorndike 1953)
to determine this number. It has been shown that a num-
ber of clusters larger than 100 is typically enough to cluster
properly, in general, for IRIS Mg II h&k data sets (see Sec-
tion 1.2 of IRIS? tutorial web page”). Based on the results
of the elbow p10t3, we have decided to cluster our data set in
320 RPs. Thus, we optimize the representation of the data
taking into account our computational resources (320 CPU
cores). Note that what we call RPs are the centroids of the
clusters of our data. In our case, a sample of our data set is
the joint profile created by concatenating the profile of the C
11 1334 & 1335 A lines with those of the Mg 11 UV lline, and
of the Mg II h&k lines (including the Mg I UV2&3 blended
line). In machine learning jargon, the dimensionality of a
sample is the number of features in the sample. In our case,
the features are the intensity (radiative flux) at the sampled
wavelengths. Therefore, the dimensionality of our data set is
the number of sampled wavelengths, and the number of sam-
ples is the number of spatial pixels where these profiles were
simultaneously recorded. The latter is, for our data, the com-
mon, co-aligned area recorded by IRIS in its far-ultraviolet
(FUV) and the near-utraviolet (NUV) detectors. For the case
studied here, the number of samples is ~8,000 px per raster.
Hence, to invert that number of profiles with STiC would
take at least ~ 48,000 CPU —hours. Nowadays, this number
is not too large in terms of computation time. It would how-
ever turn computationally expensive if we wanted to invert
the 175 available rasters of this flare (= 8.4 MCPU — hour).
Fortunately we can reduce these numbers very significantly
through the use of representative profiles. As mentioned,
a number of 320 RPs per raster is enough to cluster this
kind of data, and they can be inverted with a mid-size server
(= 1050 CPU — hour for the 175 rasters).

Another challenge of the k—means method is related with
the metric used to cluster. The Euclidean distance is not the
best metric when the elements or samples of the data set have
a large dimensionality. In our case, the dimensionality is 624,
corresponding to 116, 36, and 472 sampled wavelengths for
the C 1I 1334 & 1335 A, Mg I1 UV, and Mg II h&k lines
respectively. A reduction of the dimension of the profiles,
e.g. using Principal Components Analysis, before clustering
may mitigate this problem. In the test we have run, the ef-
fect of reducing the dimensionality before clustering has a
negligible impact. This is probably because, despite having

2 https://iris.Imsal.com/iris2/iris2_chapter01.html#limitations-of-iris2-

inversions.

3 https://www.youtube.com/watch?v=55sT144u5ag
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a large dimension, the values of the features of our profiles
are restricted to a small range of values.That means, for a
given wavelength, the values of the intensity are in a well-
defined and rather restricted range. As a consequence, the
samples of our date set are located in a more or less well-
defined region of the hyper-space defined by all ranges of all
the features. However, we did adopt another approach to re-
duce the dimensionality. We have cropped the data around
the lines, considering a spectral range large enough to cap-
ture both large blue and red shifts, eliminating the spectral
positions that we are not interested in - basically those in the
photospheric bump between the k and # lines. Note that we
do include the Mg I UV2&3, and some wavelengths in the
far wings.

Another issue of working with Euclidean distance is the
scale of the features. If some features have very large values
with respect to others, the smaller values will have a small
impact on or significance in the distance. One way to solve
this situation is to normalize each feature, for instance be-
tween 0 and 1. This is what we did for the cropped, joint
profiles. These are the profiles that we have clustered. In this
way, we give equal weight to all the involved spectral lines.
After the k—means is run over this new data set of joint pro-
files, the elements of a cluster are identified, that is, they are
labeled with the number corresponding to that cluster. Fi-
nally, the RP of that cluster is calculated as the average of the
original, joint profiles within the cluster.

This would be the standard way to proceed. But it is not
the procedure we followed. During the maximum of the flare,
the ratio between the maximum intensity in the Mg II h&k
lines and the C I1 1334 & 1335 A lines varies from ~100 in
the pseudo-quiet-sun (the closest area to the quiet in the FoV
of our data) to just ~10 in the ribbons. A significant varia-
tion also exists between the ratio of the integrated intensity
of the Mg I UV triplet lines and the Mg IT h&k although not
as large. This is not important for clustering the data, since,
as we mentioned above, we scale all the features between O
and 1, but it represents a problem for the inversion. STiC
tries iteratively to minimize the Euclidean distance between
a synthetic profile - resulting from the synthesis of a model
atmosphere- and the observed profile, slightly modifying the
model atmosphere at each iteration. Again, since we are us-
ing the Euclidean distance as metric, we will have a problem
if the scales of the features are very different. But now, due
to a coding practicality, we cannot scale the profiles individ-
ually. In this case, we use a set of weights at the sample
wavelengths to scale all the profiles. These weighted profiles
are then inverted. It is usual to weight the spectral range cor-
responding to a line with respect other line, or in the case of
spectropolarimetric profiles to scale the Stokes Q, U, and V
profiles with respect to I, e.g. wy : wg : wy : wy=1:50:50:10.
In our case, we weight the C II 1334 & 1335 A lines, Mg

No.Cycle 1 2 3 4
T 4 7 9 13
Viurb 2 4 8 13

Vios 2 4 8 13

Table 1. Number of nodes at each cycle for the thermodynamics
variables considered during the inversions.

II UV triplet lines with respect to Mg II h&k lines. How-
ever, given the large variation in the ratio of the integrated
intensity of C II 1334 & 1335 A lines with respect to the Mg
II h&k lines, we decide to stratify the data in 8 percentiles,
with the 8 parts dividing the number density distribution. The
3 or 4 first portions have many original profiles, representing
the pseudo-quiet-sun (the closest region to the quiet-sun in
the field of view). Then, the rest of the portions are asso-
ciated with the flare ribbons. Each of these portions have
their own weight ratio WMgllh&k - WCII - WMgIIUVtriplet - Once
the portions are defined, 40 RPs are calculated following the
procedure explained above: creation of joint, concatenated
profile, scaling between O to 1, k-means calculation, rebuild
the k-means with the original data. Then, the 40 RPs of each
portion are inverted considering their chosen weights. Note
that in the first portions, since they are the most populated
ones, the RPs are clustering a large number of profiles, while
the rest of portions are clustering a significantly smaller num-
ber of profiles. This is beneficial to our investigation, since
we will have a better representation by the RPs of the original
profiles in the flaring areas. At this point, the data are ready
to be inverted. Table 1 shows the number of nodes for each
cycle considered during the inversions.

2.2. Selected pointy profiles

The selection of the "extremely" pointy profiles and the
"very" pointy profiles was made through visual inspection.
Thanks to the clustering of the data, this task is easily doable:
we look for these peculiar profiles in a set of 320 RPs instead
of /8,000 profiles. We have selected the most clear cases of
these profiles to show their main characteristics. We can dis-
tinguish two main groups among the extremely pointy pro-
files that we have classified as Type A and Type B (see Fig-
ures 3 and 4). The core of the Mg II h&k extremely pointy
profiles Type A resembles the core of a Lorenztian distri-
bution, while the wings look like the wings of a Laplacian
distribution. The C II 1334 & 1335 A lines are pointy, red-
shifted, and in most of the cases their shape shows a negative
skew. In some cases, the C II 1334 & 1335 A lines saturate
the response of the detector.

The Mg II h&k extremely pointy profiles type B (see
Fig. 4), in addition to having the pointy core, show very en-
hanced wings. Sometimes, the blue wing is slightly more
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Figure 3. Examples of the type A extremely pointy profiles.

enhanced than the red wing. The Mg II h&k lines are a bit
shifted to the red. The Mg Il UV triplet lines are clearly
shifted to the red, and they have a blue component. Inter-
estingly, the same happens for the C II 1334 & 1335 A lines.

The last type of profiles seems to be the combination of
type A and B (see Fig. 5). The main difference is the pres-
ence of a well defined blue component, and the peak of the
line is now well-centered. Note that the blue component is
well distinguished, and the profile can be clearly describe in
terms of the 2v,2r, and 3 features, that means in terms of 2
peaks and the central depression. In this case, the 2r largely
dominates over the 2v feature, and it is located on the rest
spectral position of the line. On the other hand, the 3 feature
is present, and it is slightly blue-shifted.

In all the types, the Mg II UV triplet lines show either a
blue or red component, or both (see Fig. 3). These compo-
nents appear, in most of the cases, both in the Mg II UV1
line and the Mg II UV2&3 lines. This behavior indicates that
these components are actually belonging to these lines and
not to nearby lines in emission.

The spatial distribution of these profiles is shown in the
right panel of Figure 2. The Type A profiles are mostly lo-
cated in the ribbon (dark blue ticks), the type B profiles are

located in the leading edge (dark orange ticks), and the com-
bination type profiles are mostly located close to (and just
trailing) the leading edge (dark green ticks). The locations
displayed in light colors show all the profiles of the various
types not shown in Fig. 3, 4 and 5. The profiles associated
with these locations have a range of gradually changing ap-
pearances within their corresponding type. For instance, a
profile in a light blue location is an extremely pointy type
A profile but the wings of the Mg II h&k lines look more
Lorentzian than Laplacian, in contrast to the most intense
ones shown in Fig. 3, which have more Laplacian wings.

The pointy profiles almost always occur in the flare rib-
bons. Pointy profiles have also been observed during the pre-
flare phase, as we have already mentioned. However, it is
during the maximum of the flare when the extreme and very
pointy profiles appear, as right panel in Fig. 2 shows.

3. RESULTS

Figures 6, 7, 8, and 9 show the results from the inversions
of two profiles of type A, and one of type B, and a combi-
nation profile, respectively. From top to bottom, from left to
right, in each figure, the three first panels show the observed
profile (in black dotted line) and the inverted profile (fuch-
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Figure 4. Examples of the type B extremely pointy profiles.

sia) for the C II 1334 & 1335 A the Mg 1 UV, and the
Mg II h&k and Mg I UV2&3 lines respectively. In the sec-
ond row, we also include the inversion for the case that only
the Mg II h&k and Mg I UV2&3lines are inverted (dashed
blue)*. Thus, we can appreciate the effect of including the C
11 1334 & 1335 A lines (and the Mg 11 UV line) in the inver-
sion to recover the model atmosphere. The two last panels
show the T (left panel, left axis, in orange), the n,(left panel,
left axis, in blue), the v, (left panel, right axis, in green),
and the v;,s(right panel, right axis, in violet). All these values
are given with respect to the logarithm of the optical depth,
log(7)°. The dashed lines in these panels refer to the thermo-
dynamic parameters corresponding to the Mg II h&k-only
inversion. If the dashed blue line is not shown in the Mg II
hé&kpanel (third panel), then the Mg II h&k-onliy inversion
failed for the 4" inversion cycle and the model atmosphere
shown in the bottom panels correspond to the 3'¢ cycle.

4 For the sake of simplicity, since the inversion of the Mg II h&k lines
and the Mg II UV2&3 lines are always performed simultaneously, we will
refer to this inversion as Mg II h&k-only inversion

5 In this paper, log(7) actually means log 10(T500), that means, the refer-
ence of the optical depth unity corresponds to the continuum at 500 nm.

The fit of the lines in Figure 6, while not perfect, is rather
good. Both C1I 1334 & 1335 A lines are well fitted, with the
inverted profile capturing the intensity, the shift, the skew-
ness, and fitting the wings relatively well. The fit of the Mg
II UVlis capturing the width of the line, and the intensity,
although it is missing the little depression in the core and the
little bumps present both in the blue and the red wing. The fit
of the Mg I h&k and the Mg I UV2&3 lines is very good for
both the multi-line inversion and the Mg II h&k-only inver-
sion. In this case, the fit of the multi-line inversion is better
than the Mg II h&k-only inversion. However, that is not al-
ways the case (see below). The T shows very large values,
between 7.5-20kK at —6.5 < log(7)< —6.0. Given the good-
ness of the fit both in the C II 1334 & 1335 A lines and the
Mg II h&k lines, it is difficult to argue why such high val-
ues would be incorrect. The n, shows a steady increase from
—6.5 < log(t)< —2.5. The v, has values ~ 20km s~' in the
high chromosphere® (log(t)= —6), and a wavy behavior at

6 Roughly speaking, we define in this paper the high chromosphere as
the optical depth range —6.5 < log(7)< -5, the mid chromosphere is -5 <
log(T)< —4, the low chromosphere is —4 < log(T)< -2, the high photo-
sphere is =2 < log(T)< —1, and the low photosphere is —1 < log(T)< 0.
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Figure 5. Examples of the combined type of pointy profile.

—6 < log(7)< 0. The v;,, shows an important downflow gra-
dient in the high chromosphere, from 0 to +20 km s~'. Then,
from —6 < log(T)< =2, the v;,s drops down to 0 km s~! in a
slightly oscillatory way. At -2 < log(T), there is a signifi-
cant upflow gradient, from 0 to —20 km s~'. Figure 7 shows a
similar behavior in T and n,. The v;,,, in this case, peaks at
log(T)= -5.6 with a value of ~ 20 km s~'. The v;,,shows
a steady downflow that increases from a 0 km s! in the
high chromosphere to 20 km s~' at log(1)=-1.8, followed by
an upflow up to —20 km s~' in the high-photosphere (-2 <
log(T)< —1). The optical depth where the flow turns from
downflow to upflow in both cases is where the minimum of
T and the decrease of n, occurs.

We note that we should not consider the values in the low-
photosphere —1 < log(7)< 0) as realistic, since the photo-
spheric lines available in the IRIS Mg II h&k spectral range
do not show such a high Doppler shift. We have tested that
the photospheric flows (-2 < log(7)) shown in the figures of

These ranges are dynamically changing, especially for events such as flares.
Throughout such changes, the region just above the temperature minimum
is referred to as the low chromosphere, while the steep, large increase of the
temperature at small log(7)values is the top of the chrosmosphere.

this paper do not contribute to any aspects of the C II 1334
& 1335 A lines and the Mg I h&k lines. In some cases,
e.g. Figure 9, the velocity flows at —2 < log(7)< —1 have an
impact in the Mg I UV triplet lines. That means, the veloc-
ities captured at this optical range are needed to explain the
observed profiles, and therefore, despite their large values,
considered as feasible.

The values at log(7)< —6.5 should be taken with caution.
This is because the current inversion scheme is not able to
capture changes in the thermodynamics - if any - in that op-
tical depth range from the C II 1334 & 1335 A lines. None
of the lines in this study are sensitive to changes in the ther-
modynamics at —1 < log(7). The values shown at these two
ranges are due to the interpolation used by the inversion code
in the nodes at that optical depths, and we have tested that
changing those values in these ranges has no effect on the
inverted profiles.

The profiles in Figure 8 show an extremely pointy pro-
file of type B. The T peaks now a bit lower in the chro-
mosphere, at log(T)= -5, but now the T strikingly decreases
from —7 <log(T)< =5. The T minimum and n, depression
is around log(7) =—1. Again, it is around that optical depth
where the v, changes its sign. There is another significant
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Figure 6. Inversion (fit) of the C 11 1334 & 1335 A, Mg I1 UV1 Mg II h&k, and Mg IT UV2&3 lines of an extremely pointy profile type A, and
the model recovered from the inversion. The three first panels show the inversion of an extremely pointy profile type A (in dotted, black line).
The dashed, blue line corresponds to the inversion only taking into account the Mg II h&k lines. The fuchsia line corresponds to the inversion
considering simultaneously the C II 1334 & 1335 A lines, the Mg I1 UV line, and the Mg II h&k lines - including the Mg Il UV2&3 lines.
The last two panels show the thermodynamic variables obtained from the inversions: temperature (7', in orange), logarithm of the electron
density (n., in blue), velocity of turbulent motions or micro-turbulence (v, in green), and line-of-sight velocity (v, in violet). The dashed
lines correspond to model recovered from the inversion considering only the Mg II h&k lines, while the solid lines correspond to the inversion

considering all the lines mentioned above.

difference, the flow is now the opposite: there is a decreas-
ing upflow as the optical depth increase from the high chro-
mosphere (log(T)=—-6.5) towards the mid-low chromosphere
(=4 < log(T)< =2), where the v, is around O km s~'. Then
a downflow increases as the optical depth increases towards
the photosphere. The turbulent motions in the high chromo-
sphere have again a value ~ —20 km s~', being ~ —10 km 57!
in the mid chromosphere and the photosphere.

The model atmosphere associated with the profiles of the
combined type (see Figure 9) is closer to the one associ-
ated to extremely profiles type B than to type A. Thus, the
T has a decrease again in the range —6.5 <log(7)< 5.8, then
a peak in ~ 20kK, with the minimum of 7 and n, around
log(t)=—-1.5. The v, now peaks at log(7)=—5.8 with a
value = 25 km 57!, then decreases between —4 < 0g(T)< 3to
a value of =~ 5 km 5!, and peaks at a value of ~ 10 km s~

and 15 km s for the type B and the combined type re-
spectively at the photosphere, which would explain the large
broad wings of the Mg I h&k lines.

3.1. How the extremely pointy profiles are formed

A simple way to create an extremely pointy type A profile
in the Mg II h&k lines is by considering a extreme gradient
in the high chromosphere. Figure 10 shows how to get an
extremely pointy profile type A from a double-peaked Mg 1T
h&k profile. The red and blue profiles are the result of con-
sidering the T, v;,,», and n, of the double-peaked profile (in
grey) with the v;,; shown in red and blue lines respectively in
the bottom, right-most panel of the Figure 10. In this exam-
ple the steep gradient is located between —7 < log(7)< =5.5
and goes from +50 to 0 km s~'. We have done several
tests and we have also obtained extremely pointy profiles for
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lower values of v;,;. Note that the C IT 1334 & 1335 A lines
are shifted to the red and blue wavelengths for the downflow
and upflow gradients respectively, and they show the skew-
ness previously observed in the IRIS data.

Another way of studying what can cause pointy profiles
is by studying the contribution of v, to the synthetic profile
obtained by the inversion of the extremely pointy type A pro-
file shown in Figure 6 (in fuchsia). We have taken the same
thermodynamics atmosphere associated with that profile (see
bottom panels in the 6) and imposed a zero velocity at all
optical depths (vj,s(7) =0 km 571, and then synthesized that
new atmosphere. Again, we obtain a double-peaked profile
shown in Figure 11.

In summary, the extremely pointy shape of these profiles
is the signature of an extreme gradient in the v;, in the chro-
mosphere. In the context of a flare, the downflows and up-
flows are associated with the chromospheric condensation
and evaporation respectively. In this case, these flows have
extreme gradients along the optical depth and take place in a
well-determined optical depth range: the high chromosphere.

4. DISCUSSION

The inversion and interpretation of the profiles presented
in this paper entail a significant challenge. The highly dy-
namic event studied - the maximum of an X1.0-class flare,
is reflected both in the associated profiles and the thermody-
namics recovered from the inversions of these profiles. The
extremely pointy and combined type profiles belong to the
same solar feature - the ribbon, including its leading and
trailing edge. However, they are related to slightly differ-
ent stages of the same event, which happen simultaneously
in different location in the ribbon. We should understand that
both the variation in the appearance of the profiles and their
associated thermodynamics is gradual. Thus, while we have
focused our attention on the most significant of each type, the
following interpretation capture the main physical properties
during the maximum of the flare. Figure 12 is particularly
helpful for this interpretation.

For the positions scanned by the IRIS slit, the location of
the trailing edge of the upper ribbon is at [X,Y] =[512,268]
and in the lower ribbon at [X,Y] =[517-526,263]. It is in
these locations where the extremely pointy type A profiles
such as the ones shown in Fig. 3 are found, while the rest of
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the profiles of this type are mostly located within the ribbon
itself. The location for the leading edge of the upper ribbon
is at [X,Y] =[512,277] and in the lower ribbon at [X,Y] =
[512-526,257 —255]. Most of the type B pointy profiles
are located at the leading edge of the lower ribbon, while
the combination profiles are located within the ribbon on the
trailing side immediately adjacent to the leading edge and the
ribbon of the ribbon (some are also located in the region just
leading the trailing edge of the ribbon). Thus, as the ribbon is
energized, starting from the trailing edge towards the leading
edge, the profiles go from extremely pointy type A to the
combination type and finally to the type B.

Because ribbons propagate across the solar surface as the
flare evolves, the spatial distribution of the thermodynamic
parameters from trailing to leading edge of the ribbon pro-
vide a window into the typical temporal evolution within a
single location. Is is interesting to note that the trailing edge
has been energized longer than the leading edge in this single
snapshot. That could explain why in these locations the tem-
perature is so high in the high chromosphere (log(7)=-5.8,
first panel in the first row of Fig. 12), while in the rest of

the ribbon the high chromosphere temperature is lower. The
trailing edge also differs from the rest of the ribbon when
we consider the temperature difference between the high and
middle chromosphere. In the trailing edge the temperature
of the high chromosphere is higher than in the mid chro-
mosphere. In contrast, the mid chromosphere temperature
(log(T)=—4.2, first panel of the second row of Fig. 12) is
higher than in the high chromosphere for the leading edge
and interior of the ribbon itself. Thus, the bump in the tem-
perature at log(7)~2 —5 observed in Fig. 8 has not reached yet
the high-chromosphere, as it does in Fig. 7 and even higher
in Fig. 6. This spatial pattern of a somewhat reduced temper-
ature in the high chromosphere accompanied by an increase
in the mid chromosphere is seen in both flare ribbons but
most clear in the lower ribbon as IRIS scanned this ribbon
more fully. This pattern has been obtained in some numeri-
cal models of flare energy deposition in the chromosphere by
Allred et al. 2015. These observations support a scenario in
which energy is deposited in the middle chromosphere, with
associated local temperature increase. This energy deposi-
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tion affects the high chromosphere at later times, as the flare
evolves.

The most critical physical parameter that contributes to
the very distinctive profiles studied in this paper is the line-
of-sight velocity. As we have demonstrated, the extremely
pointy profiles of the Mg II h&k lines, but also of the C II
1334 & 1335 A lines, need the presence of a strong, diver-
gent velocity gradient located between the high and middle
chromosphere. In addition, the Mg II UV triplet lines have
signatures associated with strong velocities in the high pho-
tosphere. The divergent flow located between the high- and
mid-chromosphere can be appreciated between the first (i.e.,
top) and the second panel of the second column of Fig. 12.
There, we can observe predominantly an upflow in the rib-
bon in the high chromosphere (log(7)=—5.8), while in the
middle chromosphere and lower regions in the atmosphere
(—4.2 <log(t)) the ribbon shows a downflow. Note that in
the trailing edge, there are some locations where the veloc-
ities in the high chromosphere are positive, i.e., they host
downflows. Again, these locations are likely ahead in time
(i.e., have evolved for the longest time since the start of the
flare), so it is possible they may have experienced the upflows
at an earlier stage of their evolution. The presence of a diver-
gent flow is compatible with an scenario where an electron
beam propagating downwards from the flare reconnection
site in the corona impacts the dense chromosphere (thick-
target model, Hudson 1972). Such divergent flows have
also been obtained in radiation hydrodynamic experiments
by Kerr et al. 2016 and Kowalski et al. 2017 who studied the
same flare that we analyzed in the current paper. However,
the synthetic Mg II h&k profiles obtained by Kerr et al. 2016
show the ks feature in absorption, which indicates that their
models are missing some ingredient(s) needed to reproduce
the observed profiles. Similarly, the temperature increase
where the divergent flows occur in Kowalski et al. 2017 is
much higher (7' = 10MK) than the one we obtain. What can
explain the strong velocity flows that we observe in the high
photosphere? Several results suggest that these can be ex-
plained by the different penetration of the different energy
regimes of the electron beams. Graham et al. 2020 demon-
strated that low-energy electrons (E ~ 25—50 keV) are re-
sponsible for the evaporation-condensation in the high chro-
mosphere, while very high-energy electrons (E > 50 keV)
can penetrate deeper in the atmosphere and produce a sim-
ilar situation in the high photosphere. These authors used,
in addition to the Mg II UV1 line, the optically thin lines
Fe 12814.11 A, and Fe I 2813.3 and 2814.45 A. In their
study all these lines show a strong red component. However,
in the flare we study here no red components are present in
the Fe I and Fe II lines, and the Mg II UV1 line shows on
occasions a strong red component, but also a blue and red
components in other cases. Likely, the situation shown in

Fig. 12 is compatible with the scenario described by Gra-
ham et al. 2020 and the one previously suggested by Lib-
brecht et al. 2019 (see Fig. 14 of their paper). Here, in agree-
ment with Graham et al. 2020, we interpret that the bounce
back motion that Libbrecht et al. 2019 locates in the chromo-
sphere is lower in our case, reaching the high-photosphere. In
summary, there are two slabs, one located between the high-
and mid-chromosphere and the other in the high photosphere,
that are suffering the impact from energized electron coming
from the corona, and producing explosive, divergent upflows
and downflows. These slabs are not necessary located in the
same feature of the ribbon at the same time, and their location
evolves as the ribbon is energized by the flare.

Finally, the turbulent motions are rather strong in the high
and middle chromosphere in the ribbons. It is in these re-
gions where the core of both the C II 1334 & 1335 A lines
and the Mg IT h&k lines is sensitive to this parameter. There-
fore these values are rather feasible. In the low chromosphere
and the high photosphere the v,,,;, in the ribbons is negligible.
The extended, broad wings of the Mg II h&k are sensitive to
changes in v, in the mid chromosphere, while the Mg II
UV triplet lines are sensitive to turbulence in the low chromo-
sphere. We also note that the electron density in the ribbons
is 12 < log(n.) < 13 in the chromosphere, reaches its maxi-
mum in the low chromosphere with a value of log(n,) ~ 15,
just before the temperature minimum, which is pushed down
(in log tau terms) towards the low-photosphere (log(1)~ —1).

The spectral profiles studied in this article are challenging
to model and interpret due to the complexity of the physi-
cal conditions that generates them. In addition to belonging
to an extreme event (an X1-class flare), we note that several
physical processes such as upflows and downflows, or heat-
ing and cooling, occur simultaneously in the same structure
- the ribbon. We are analyzing the maximum of the flare, but
that does not mean all regions in the ribbon show the same
behavior. For example, the trailing edge experiences differ-
ent physical conditions than the ribbon itself. The interpreta-
tion of the peculiar profiles clearly will depend on where and
when they are observed in the macroscopic spatio-temporal
evolution of the flare. Until now there have not been any
theoretical or numerical models that are able to properly re-
produce these profiles. In this context, our investigation and
results provide strict observational constraints to these mod-
els, and suggest a reasonable physical scenario.
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