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ABSTRACT
The Mg II k & h line intensity ratios can be used to probe the characteristics of the plasma in

the solar atmosphere. In this study, using the observations recorded by the Interface Region Imaging

Spectrometer (IRIS), we

ion. We also study the k-to-h intensity ratio

as a function of magnetic flux density obtained from the line-of-sight magnetograms recorded by the

Helioseismic and Magnetic Imager (HMI) on board the Solar Dynamics Observatory (SDO). Our results
reveal that while the intensity ratios are independent of magnetic flux density, they _

res. The intensity ratios start to increase at

the start of the flare and peak during the impulsive phase before the flare peak and decrease rapidly

thereafter. The values of the ratios fall even below the pre-flare level during the peak and decline

phiases of the flae. These results are FpOARIATIENORG Ao R ONe NS

and provide further constraint on the understanding of flare physics.
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1. INTRODUCTION

Solar flares are the most energetic events on the Sun,
where an enormous amount of magnetic free energy is
released due to the reconfiguration of the coronal mag-
netic field. The released energy can cause particle accel-
eration, heating and flows in the solar atmosphere and
a transient enhancement in solar radiative output. It is
observed that most of the energy radiated in flares origi-
nates from the dense chromosphere (Fletcher 2010; Mil-
ligan et al. 2014). Hence, studying the chromospheric
lines during flares provides us with diagnostics, which
may be important for understanding the physics of solar
flares and their effect on the local plasma environment.

The chromosphere emits in various UltraViolet(UV)
and optical lines. While many optical lines, e.g., He,
Ca II, are routinely observed from ground-based tele-
scopes, observations in the Mg II resonance lines have
been rare in the past. Since the launch of the Interface
Region Imaging Spectrograph (IRIS; De Pontieu et al.
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2014) we have been in the position to monitor these lines
regularly with excellent spatial and spectral resolution.

The Mg IT k and h lines are transitions to the ground
state from a finely split pair of upper levels (3p 2P3/27
3s 251, and 3p*Py/,-3s 2S1),). These transitions create
the optically thick lines in the wavelengths 2796.34 A
(Mg 11 k) and 2803.52 A (Mg 11 h). Tt is suggested that
the intensity ratios of these lines can be used to probe
the optical depth of the local environment (Kerr et al.
2015).

The integrated intensity of a line transitioning from
an upper-level j to a lower-level i, is dependent on the
collision strength for that transition €2;;, which is given
by (van Regemorter 1962; Mariska 1992),

87 IH
Qij = —&= i fij
! V3 Ae;j 9 @i fi

Where Iy is the ionization energy of Hydrogen, Ag;; is
the threshold energy for the transition, g is the Gaunt
factor, w; is the statistical weight of the level and f;;
is the oscillator strength. In optically thin conditions,
the intensity ratio of the k to h line is the ratio of the
collision strengths, as the escape probability of photon is
unity. The Mg II k and h lines share the same ionization
state and originate from a transition to a shared lowered
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2 Roy AND TRIPATHI

level. As the statistical weight (w;) is same in both cases,
the line intensity ratio is simply the ratio of the oscillator
strengths(f;;). This implies the ratio is 2:1 in optically
thin conditions, and lower when the medium is optically
thick (Kerr et al. 2015; Levens & Labrosse 2019).

In addition, the Mg II k and h lines can be used to
estimate the velocity in the middle and upper chromo-
sphere, the chromospheric velocity gradients, the tem-
perature in the middle chromosphere (Leenaarts et al.
2013a,b; Pereira et al. 2013). The Mg II triplets in emis-
sion can be used to identify heating in the lower chro-
mosphere (Pereira et al. 2015). There have also been
multiple studies that have shown a spatial variation of
the Mg II line profiles (Sainz Dalda & De Pontieu 2023,;
Panos et al. 2018). Polito et al. (2023) showed that the
leading edge of the flare ribbon is associated with en-
hanced broadening and strong central reversal. They
interpreted the difference in the profile as a difference in
the heating mechanism at the leading edge and bright
part of the flare ribbons. Panos & Kleint (2021a,b)
showed similar differences between the line profiles and
energy input.

Using the observations recorded by the OSO-8 LPSP
instrument, (Lemaire et al. 1984) studied the evolution
of the intensity ratio of Mg IT h & k, Ca IT h & k and
Ly o & f lines. Lemaire et al. (1984) showed that the
intensity ratio of the Ca II k/h lines increased from 1 to
1.2 during the ascending phase of a flare and returned to
1 during the later phases. The authors interpreted the
correlated temporal behavior across various elements as
an indication of downward energy propagation. We note
that this may suggest a slight decrease in the opacity due
to localized heating at the formation height of the Ca II
line during the rise phase of the flare.

Here, we study the evolution of the intensities ratios of
the Mg 1T h & k lines during the course of the evolution of
three flares, viz., C-class, M-Class and X-class. We focus
on the the dependence of line ratios on the underlying
magnetic field strength, which to our knowledge has not
been explored so far. The rest of the paper is structured
as follows. §2 discusses the observations used in this
paper. We discuss how we reduce and analyze the data
and the results in §3.

2. OBSERVATIONS

For this study, we have selected three flares belonging
to M, X and C classes, listed in Table 1 by IRIS. IRIS is
a NASA small explorer-class solar observation satellite.
It obtains UV spectra with high spatial (0.33-0.4"per
pixel), temporal (1s), and spectral resolution (~26 and
~53 mA). In the spectral channels, the strongest lines
that IRIS regularly observes are C II, Mg IT and Si IV.

In the imaging channel, it typically observes in Mg II
and Si IV. In this work, we have used the observations
recorded in Mg IT h & k lines.

As alluded earlier, the aim of this study is to derive
the evolution of intensity ratios as a function of mag-
netic flux density during the course of flares of varying
class. For this purpose, we have used line-of-sight (LOS)
magnetic field measurements from the Helioseismic and
Magnetic Imager (HMI; Scherrer et al. 2012) on board
the Solar Dynamics Observatory (SDO; Pesnell et al.
2012). We have used observations taken at 1600 A by
the Atmospheric Imaging Assembly (ATA; Lemen et al.
2012), also onboard SDO, to co-align the IRIS observa-
tions with those from AIA and then HMI.

3. DATA ANALYSIS AND RESULTS
3.1. MS3.7 Flare Observed on Nov 4, 2015

The NOAA AR 12443 produced a multi-ribbon GOES
class M3.7 flare on November 4, 2015 that began
~ 13:31 UT, and peaked at ~ 13:52 UT as seen from
the GOES SXR 1-8 A flux(Fig. 1(a)). The event was
located at the heliographic position of ~ [37”,61”] and
very well observed by IRIS, ATA and HMI. Fig. 1.a dis-
plays the GOES flux plot of the flare in 0.5-4 A (blue)
and 1.0-8.0 A (red). Fig. 1.b is an ATA 1600 A image
of the flaring region consisting of two ribbons, indicated
by arrows. In panel ¢, we plot the LOS magnetic flux
density map obtained from HMI recorded nearly simul-
taneously with ATA image shown in panel b. The white
(black) box over plotted in Fig. 1.b (c¢) show the IRIS
SJI FOV. The over-plotted white dot-dashed (magenta
dashed) box in Fig. 1.b (c) represents the IRIS raster
FOV. The FOV of the SJT (~ [120” x 119”]) covers
the central part of the flaring region. The spectral sam-
pling is ~ 0.05 A /pixel. The dynamics of the ribbons for
this flare is studied by Li et al. (2017), while Karlicky
et al. (2018) studied the associated radio bursts.

Fig. 2 shows the evolution of the flare in ATA 304 A.
The flare is associated with a pre-existing filament that
erupts and breaks into two structures, marked as F1 &
F2 in Fig. 2.b & c¢. These two filament structures moved
away from each other in opposite directions. The flare
produces two primary flare ribbons, marked as R1 & R2
in Fig. 2.b, ¢ & d. From ~ 13:32 UT, R1 moves southeast
as it sweeps across the IRIS raster FOV, marked by the
white dotted box in Fig. 2.a, b, ¢ & d. The IRIS raster
scans the motion of the northern ribbon R1 and the
eastern edge of R2. An animated version of the Fig. 2
is available in the online journal for further details.

Fig. 3 displays the same region as in Fig. 2 in the six
coronal channels (namely 94, 131, 171, 193, 211, 335 A)
of SDO/AIA, recorded at the peak (top two rows) and
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Event Flare Flare Raster Raster Step Raster
Date Peak (UT) | Location (arcsec) Details (arcsec) Cadence (s)
Nov 4, 2015 (M-class) 13:52 [377,617] Coarse 16 step 27 50
Oct 22, 2014 (X-class) 14:28 [-2927,-302"] Coarse 8 step 27 131
Feb 3, 2015 (C-class) 22:55 [1987,213"] Dense 16 step 0.35” 33

Table 1. The list of flares studied in this paper.
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Figure 1. The_M3.7 flare observed on November 4th, 2015. Panel a: GOES flux plot in 0.5-4 A (blue) and 1.0-8.0 A (red).

Panel b: AIA 1600 A image of the flaring region. Arrows locate the primary ribbons. Panel ¢: LOS magnetic flux density map

obtained from HMI near the peak of the flare. The over-plotted white (black) boxes in panel b (c) represents the IRIS SJI FOV.
The over-plotted white dot-dashed (magenta dashed) box in panel b (c¢) show the IRIS raster FOV.

during the decline phase (bottom two rows) of the flare.
Post-eruption arcades (Tripathi et al. 2004) are clearly
observed in all the channels with slightly different mor-
phology. These arcades are filled with the evaporated
thermal plasma, and also show loop top brightening,
likely due to the colliding evaporation flows (see, e.g.,
Sharma et al. 2016; Patsourakos et al. 2004).

We first co-align the HMI observations with the IRIS
observations, using the 1600 A recorded by AIA. Since
the observation is of an active region that is undergoing
flaring, the magnetic field may also be changing rapidly
(Wang et al. 2002; Ye et al. 2016; Spirock et al. 2002).
Therefore, we use a series of AIA and HMI full disk co-
aligned maps to obtain rastered LOS map of magnetic
flux density that corresponds precisely to the location
and time of IRIS rasters. This procedure is detailed
below.

Initially, we align the AIA 1600 A observation with
the HMI observation, with the closest observation time
to the IRIS SJI and raster observations. Using ‘aia_prep’
available in the sswidl distribution, we process the level
1 images to perform image registration and align ATA
and HMI observations. Thereafter, we compute the shift
between ATA 1600 A and the SJI 1400 A. Using the cal-
culated offsets, the magnetograms are coaligned with
the IRIS SJI 1400 A observations, since the ATA 1600 A

observation was already aligned with the HMI observa-
tions.We find the typical offset between HMI and IRIS
is ~ 1.5”. We use these co-aligned HMI maps to ob-
tain the rastered magnetograms, which could then be
directly compared with TRIS raster observations.

For characterizing the properties of the Mg II lines,
we fitted a double Gaussian profile to both k and h
lines with a linear background symmetric about the line
core. If excess emission is detected compared to the fit-
ted background and line profile for wavelengths lower
than 2792 A and in-between 2798 A to 2800 A, we as-
sume that the Mg II triplets have appeared in emission.
A single Gaussian profile is fitted to the excess emis-
sion. We note that this is prone to missing the triplets
unless the emission is reasonably strong. However, we
note that since our main objective was to characterize
the Mg II k and h line profiles, this procedure serves
our purpose. We also excluded any pixels that showed
saturation in either of the lines. The uncertainty of the
observed intensities are measured in DN by the method
detailed in §2.1 in Kerr et al. (2015) and used subse-
quently in the fitting procedure. The uncertainties of
the fitted Gaussian profiles are propagated while inte-
grating the profile, to obtain the uncertainty of the line
intensities.

LOS Maanetic Field (G)
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Figure 2. Sequence of ATIA 304 A images for the Nov 4th, 2015 flare. The white dotted box shows the portion of the IRIS
raster FOV which scanned the ribbons. In panels b (c) E1 and F2 are the filament material, which move away from each other

as the flare progresses. R1 and R2 in b (c.d) show the primary ribbons which move through the IRIS raster FOV. An animation

of this image sequence is available in the online version. The animated images do not contain the annotations for the filament
and ribbon. The IRIS raster FOV is annotated with a white dotted box. The animation runs from 13:26:18 — 13:39:54 UT.

In Figure 4, we plot the intensity maps obtained in
Mg II h & k (panels a & b) and the rastered LOS mag-
netic field map in panel (¢). The dashed magenta and
solid green contours on the magnetic field maps show the
intensity from panels a and b, respectively. To study the
Mg II k to h intensity line ratios as a function of time,
we chose two pixels — one in the northern ribbon and an-
other in the southern ribbon, as denoted by crosses. In
Fig. 5, we display the spectra over-plotted with fits for
the two pixels taken in the northern ribbon (top panel)
and southern ribbon (bottom panel) obtained at differ-
ent times.

We plot the Mg II k to h line intensity ratio ob-
tained from the two locations in the northern (black)
and southern ribbons (green) in Fig. 6. We also over-
plot GOES light curve of the flare obtained in 1.0-8.0 A
(red solid line). Our observations reveal that the inten-

sity ratios show a slightly increasing trend, albeit within
the errors, during the early phase of the of flare. The
ratio displays a distinct peak almost at the mid-way in
the impulsive phase, lasting for a very short time ~ 150s,
before it starts to decrease. We emphasize here that the
pixel-by-pixel fitting of the Mg IT h & k line profiles pro-
vided us with adequate signature of the time evolution
of the k/h line intensity ratio during flare.

3.1.1. Inwvestigating the dependence on the local magnetic
field in the Mg II lines

To investigate the time evolution of the intensity ra-
tio and its relationship with the photospheric magnetic
field, if any, we binned the spectra in various magnetic
field bins from various flaring pixels. We selected the
flaring pixels with an intensity threshold with respect to
the peak intensity observed in IRIS rasters. We perform
a double Gaussian fit with a constant background in a


songyongliang


songyongliang


songyongliang



PROPERTIES OF MG II LINES IN FLARES 5

140" (a) 94 A 13:52:36 UT

120"
100"
80"
60"
SPTO (d) 193 A 13:52:32 UT
120"
100" ”“ -

so" % k- 3

hYS

60" gl :
s ad

(g) 94 A 14:12:49 UT

140"

120"

Solar Y [Arcsec]

100"
80"
60"

140" JW 193 A 14:12:32 UT

120"
100"
80"
60"

0" 50" 100"

(b) 131 A 13:52:35 UT

(e) 211 A 13:52¥46'UT

(h) 131 4 14:12:43 uTt

(k) 211 A 14:1;.&6 uT

150" 0" 50"

(c) 171 A 13:52%6 UT

100" 150" 0" 50" 100" 150"

Solar X [Arcsec]

Figure 3. The Nov 4th, 2015 flare in the six Coronal channels of the SDO/AIA at the soft X-ray peak (panels (a)-(f)) and

during the decline phase (panels (g)-(1)) of the flare.

smaller wavelength window for both Mg IT h and k lines
separately. This is done essentially to avoid the effects of
the background and possible contribution of any other
spectral feature.

We display the Mg IT k line profiles taken at different
times and averaged over different magnetic field bins in
Fig. 7. In each plot, we note the time of observation
and the magnetic field strength over which the spectra
is averaged and fitted double-Gaussian. We compute
the line intensities by integrating the fitted Gaussian.

In Fig. 8, we plot the k to h intensity ratios obtained
in various bins of the magnetic flux density at differ-
ent times corresponding to different phases of the flare.
The plot corresponding to 13:07:05 UT (red curve) is
during the pre-flare phase, where the ratio is ~1.2. Dur-
ing the impulsive phase, i.e., the curves corresponding
to 13:23:44 UT (blue dotted) and 13:32:04 UT (green
dashed), the ratio increases. The ratios measured at
13:41:11 UT (magenta dashed), which is closest to the
UV peak of the flare, is the largest across all magnetic
field bins. Finally, during the decline phase, the ratio
measured at 13:57:23 UT (black solid), the ratio falls
below the values of the pre-flare phase. We also note

that there are no significant differences among the k to
h ratios obtained in different bins of magnetic flux den-
sity at all times (including pre-flare, impulsive, peak and
decline phases) of the flare.

To explore further, we study the evolution of k to h
intensity ratio as a function of time during the course
of the flare. In Fig. 9, we plot the time evolution of the
k to h line intensity ratio averaged within the bins of
different magnetic flux densities as a function of time.
For better visibility the 20.9-184.4 G and 348.9-513.3 G
points are offset by 30s and -30s respectively. We also
plot the GOES 1-8 A light curve with red solid line.
These plots conspicuously reveal that the intensity ra-
tios rise sharply during the impulsive phase, from ~ 1.20
to ~ 1.28 right before the soft X-ray flux peaks as seen
from GOES, and decreases very rapidly thereafter, to
lower than pre-flare values ~ 1.12. The typical value of
the uncertainty for the line intensity ratio is ~ 0.02. We
further note that the evolution of the Mg II k to h inten-
sity ratio is remarkably similar across various strength
of magnetic flux densities.
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Figure 4. Obtained images in Mg IT h (panel a) and k (panel
b) and corresponding co-aligned and artificially rastered HMI
LOS magnetic field map (panel ¢) for the M3.7 flare observed
on November 4th, 2015. The magenta and lime green con-
tours on panel ¢ show the contours of Mg II h (panel a) and
k (panel b) intensity.

We have also carried out this analysis by obtaining
the intensity ratios using other methods and note that
the obtained results are very similar, see Appendix A.

3.2. X1.6 Flare Observed on Oct 22, 2014

An X 1.6 flare on October 22, 2014 was observed in
AR 12192. The flare started at 14:02 UT, and peaked at
14:28 UT as observed in by GOES. Fig. 10.a displays the
GOES flux plot of the flare in 0.5-4 A (blue) and 1.0~
8.0 A (red). Figs. 10.b & c display ATIA 1600 A image
and LOS magnetic flux density map obtained from HMI,
respectively. The over-plotted boxes in panels b and c
show the IRIS SJI FOV. IRIS observed this flare with a
large 8-step coarse raster covering a FOV of [14”,174"].
Note that, the IRIS SJI FOV and also the slit direc-
tion was rotated ~ 45° relative to the center of HMI
observation.

The flare exhibits two ribbons in AIA 1600A as indic-
taed by the arrows. The eastern ribbon extends around
a negative field region and is completely covered by the
IRIS SJI FOV. The western ribbon, however, extends
around a positive field region and only a part of it is cov-
ered by the IRIS SJI FOV, as shown in panel b. In the
Fig. 11, we plot the intensity maps obtained in Mg IT h
& k (panels a & b), and the rastered LOS magnetic field
map (panel c). The black & green dashed contours in
the LOS magnetic field map (panel c¢) show the intensity
contours of Mg IT h & k (panels a & b).

Similar to the M-class class flare studied in the previ-
ous section, we derive the Mg IT k to h line intensity ratio
for various bins of the magnetic flux density within the
flaring region and study their time evolution. In Fig. 12,
we plot the intensity ratio in black and magenta colors
for two different magnetic field bins. In the same panel,
we also over-plot, 1-8 A GOES light curve (red solid
line). We note that, unlike the M-class flare, we do not
find any detectable change in the intensity ratio dur-
ing the flare. There are about two to three data points
showing an enhancement in the ratio, but that is much
before the start of the flare.

3.3. (3.5 Flare Observed on Feb 03, 2015

On Feb 03, 2015, AR 12277 produced a C-class flare
that peaked at 22:55 UT. Fig. 13 shows the GOES flux
plot of the flare in 0.5-4 A (blue) and 1.0-8.0 A (red)
in panel (a). Fig. 13b & c displays AIA 1600 A image
and LOS magnetic flux density map obtained from HMI,
respectively, recorded near the peak of the flare.

The over-plotted white (black) box in panel b (c) show
the TRIS SJI FOV. The over-plotted white dot-dashed
(magenta dashed) box in panel b (c¢) show the IRIS
raster FOV. The IRIS observed this flare with a large
dense 16 step raster with a FOV of 5”x119” and step
size of 0.35”. The flare exhibits a double ribbon struc-
ture. The east ribbon elongates earlier and merges into
the west ribbon. The IRIS raster scans through the west
edge of the west ribbon through its eruption and merg-
ing with the east ribbon. Fig. 14, displays the intensity
maps obtained in Mg IT h & k (panels a & b). The
rastered LOS magnetic field maps is shown in panel c.
The black & green dashed contours in the LOS mag-
netic field map (panel ¢) shows the intensity contours of
MgII h & k (panels a & b).

We plot the GOES 1-8 A light curve (red solid line)
along with the time evolution of the k to h line intensity
ratio averaged within the bins of two different magnetic
flux densities as a function of time in the Fig. 15. The
Mg II k to h line intensity ratio shows a similar variation
like the M class flare. It peaks during the impulsive
phase (k/h~ 1.12), and reduces to preflare values (k/h~
1.09) during the decay phase of the flare when the GOES
light curve peaks. We note that the change in Mg II k
to h line intensity ratio is less prominent for this flare
compared to the M-class event. However, we also note
that the ratio shows a persistent increase from the start
of the flare.

4. SUMMARY AND CONCLUSIONS

The Mg II k to h line intensity ratios is a useful diag-
nostic for the opacity of the local plasma. It may also
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Figure 5. Fit of the Mg IT window for the pixel marked in northern ribbon (southern ribbon) in Fig. 4 in top panel (bottom

panel) from various time during the evolution of the flare.
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s B

Figure 6. The 1-8 A GOES light curve of the flare over-
plotted with the time_variation of Mg II k/h line intensity
ratio for the northern (black) and southern (green) asterisks
marked in panels a, b &c.

help us to understand changes in the local plasma envi-
ronment in the solar chromosphere during flares. In this
paper, we have studied the time variation of Mg II k
to h line intensity ratios during the evolution of three
flares belonging to X-class, M-class and C-class. We
have also studied the variation of intensity ratios in dif-
ferent magnetic flux density bins. For this purpose, we
have used observations recorded by IRIS and HMI. For
the co-alignment of IRIS and HMI observations, we have
used 1600 A images recorded by AIA.

Kk/h

It is well known that the Mg II profiles vary signifi-
cantly in shape, spatially within the flaring region (Sainz
Dalda & De Pontieu 2023; Panos et al. 2018). As we bin
the IRIS observations depending on their magnetic field
strength, it is worth mentioning that any variation in
space is averaged out and not addressed in the analysis.

Our observations show that the Mg II k to h line in-
tensity ratios change during flares. For the M-class and
C-class flares, the ratio starts to increase at the time of
the start of the flare, peaks approximately halfway in the
impulsive phase and show a steep decline thereafter (see
Figs. 9 & 15). The ratios fall even below the pre-flare
conditions during the later stage of the flare (peak and
decline phase). However, we note that this behaviour is
only observed in the M and C-class flares and not for
the X-class flare.

Our observations did not show any correlation be-
tween the line intensity ratios and magnetic flux density.
We show the line intensity ratio for different magnetic
field strength in the Figs. 8, 9, 15 illustrating the general
behavior from weak to strong magnetic field strengths.
This observation suggests that the magnetic field affects
both the Mg IT k and h lines similarly. Such effects
cancel out while taking the ratios.

Kerr et al. (2015) studied Mg II k to h line intensity
ratios and their time variation for individual pixels in
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Figure 7. Fitted line profiles for the binned spectra for various magnetic field strength from various times.
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Figure 8. Mg II k to h line intensity ratio for various mag-
netic flux density bins at various time steps during the evo-
lution of the flare.

quiet Sun region as well as flare locations. While they
did not find any change in the ratios for the quiet Sun
region, they noted that flaring pixels did show variations
in the intensity ratios. It was speculated that this might
be due to differences in heating conditions in the non
flaring and flaring atmosphere. However, they did not
observe any co-related change in the ratio with respect
to the flare light curve.

Our results are in line with those obtained by Kerr
et al. (2015), where we also find that the change in the
ratio is highest during the impulsive phase of the flare
and starts to decrease before the flare reaches its max-
imum in GOES 1-8 A observations. Such changes in
the ratio may indicate variation in the optical depth
of the local medium. Under this scenario, the optical
depth first decreases during the impulsive heating phase
and start to increase during the decay phase. While
the decrease in the optical depth during the impulsive
phase may be attributed to localized heating and chro-
mospheric evaporation, the increase during the decay
phase of the flare may be explained by condensation
and down flows. We emphasize, however, that this in-
terpretation is only a speculation, primarily because we
do not observe such effects in the X-class flare.

We note that while the results obtained here for the
M-class and C-class flare can be explained by the above
discussed scenario, the result for the X-class is more am-
biguous. We could not develop a clear distinction in the
general properties of these three flares. We note that
while the C-class flare is confined, both M and X flares
are eruptive flare. Therefore, we may suggest that in
the X-class flare, the energy deposition is more impul-
sive and on a much shorter time scale than that could be
sampled. The high impulsiveness may lead to a greater
degree of ionization of the medium in comparison to the



Watts.m™2

PROPERTIES OF MG II LINES IN FLARES 9

+ 209G <184.4G — 1.0--8.04 1300
} 348.9G <513.3G }
t 842.2G < B <1066.7 G
11.275
t1.250
11.225
=
o iva
g 11.200 =
; )]
z s

+1.175

+1.150

+1.125

+1.100

13:00 13:10 13:20 13:30 13:40 13:50 14:00
Time (UT)

Figure 9. Time evolution of the Mg II k to h line intensity ratio obtained from averaged spectrum over the corresponding
magnetic flux bin as labeled for the Nov 4, 2015 flare. For better visibility the 20.9-184.4 G and 348.9-513.3 G points are offset
by 30s and -30s respectively. Over-plotted red solid line displays the 1-8 A GOES X-ray light curve.
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Figure 10. The X class flare observed on October 22, 2014. Panel a: GOES flux plot in 0.5-4 A (blue) and 1.0-8.0 A (red).
Panel b: ATIA 1600 A image taken at the peak of the flare. Arrows locate the primary and secondary ribbons. Panel c¢: LOS
magnetic flux density map obtained from HMI at the peak of the flare. The over-plotted white (black) box in panel b (c)
represents the IRIS SJI FOV, and white dot-dashed (dashed) box in panels b (c) represents the IRIS Raster FOV.

other two flares. This is also supported by the fact that quires analysis of more such flares, including numerical
there were a large number of saturated pixels in the data and theoretical modeling.
that were discarded. A firmer conclusion, however, re-
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APPENDIX

A. COMPARISON OF METHODS USED TO OBTAIN MG II INTENSITIES

There are a few methods to characterize the properties of the IRIS Mg II lines. One of the key ones is to calculate
the normalized cumulative distribution functions(CDFs) of the Mg lines, and use the various quartiles to quantify
the line parameters like line centroid, line width and asymmetry of the line profiles. The Mg II lines are integrated
within a fixed wavelength range to calculate the CDFs. We compare our fitting method, with integrating the IRIS
line intensity in a fixed wavelength window 279.4-279.8 A (Mg II k) and 280.15-280.55 A(Mg II h) in fig 16, and with
peak intensity ratios where the lines are single peaked. The goal of this analysis was to quantify if our fitting method
shows any difference from integrating through the line profiles, or taking the ratio of peak intensity from single peaked
profiles.

The red solid line is the GOES soft X-ray intensity in 1-8 A. The Mg II k/h line intensity ratio for the binned
spectra of magnetic field strength 842.2 G < B < 1066.7 G is plotted with magenta circles. The same is plotted in
Fig. 8. The Mg II k/h line intensity ratio for the same binned spectra obtained from integrating the IRIS observation
in a fixed wavelength window, is plotted with blue crosses. The Mg II k/h peak intensity ratio, when the k and h lines
are single peaked, is shown with the black triangles. Both cases, the trend of the line intensity ratio behaves similarly
as described earlier. It increases dramatically during the impulsive phase of the flare, and after the soft X-ray peak it
decreases again to preflare values. The peak intensity ratio of the single peaked line profiles behave more monotonic
during the decay phase of the flare.
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Figure 16. 1-8 A GOES light curve of the flare over-plotted with the time variation of Mg IT k/h line intensity of the line
intensity ratios for the binned spectra for the pixels in 842.2 G < B < 1066.7 G(magenta points). Similarly, the ratio of the line
intensities without fitting the line profiles is over plotted (blue cross). The black triangles are the peak intensity ratio where the
line is single peaked.
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