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ABSTRACT

Here we present the study of a compact emission source during an X1.3 flare on 2022-March-30.

Within a ∼ 41 s period (17:34:48 UT to 17:35:29 UT), IRIS observations show spectral lines of Mg II,

C II and Si IV with extremely broadened, asymmetric red-wings. This source of interest (SOI) is

compact, ∼ 1′′.6, and is located in the wake of a passing ribbon. Two methods were applied to

measure the Doppler velocities associated with these red wings: spectral moments and multi-Gaussian

fits. The spectral moments method considers the averaged shift of the lines, which are 85 km s−1,

125 km s−1 and 115 km s−1 for the Mg II, C II and Si IV lines respectively. The red-most Gaussian

fit suggests a Doppler velocity up to ∼160 km s−1 in all of the three lines. Downward mass motions

with such high speeds are very atypical, with most chromospheric downflows in flares on the order

10-100 km s−1. Furthermore, EUV emission is strong within flaring loops connecting two flare ribbons

located mainly to the east of the central flare region. The EUV loops that connect the SOI and its

counterpart source in the opposite field are much less brightened, indicating that the density and/or

temperature is comparatively low. These observations suggest a very fast downflowing plasma in

transition region and upper chromosphere, that decelerates rapidly since there is no equivalently

strong shift of the O I chromospheric lines. This unusual observation presents a challenge that models

of the solar atmosphere’s response to flares must be able to explain.
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1. INTRODUCTION

During a flare, lower layers of solar atmosphere,

such as the chromosphere and/or transition region are

heated rapidly by non-thermal particles (Carmichael

1964; Sturrock 1968; Hirayama 1974; Kopp & Pneuman

1976; Hudson 1972; Emslie 1978; Holman et al. 2011;

Kontar et al. 2011), by thermal conduction from a flare-

heated corona (Antiochos & Sturrock 1978; Cheng et al.

1983; MacNeice 1986), or by Alfvén waves (Fletcher &

Hudson 2008; Reep & Russell 2016; Reep et al. 2018b;

Kerr et al. 2016). This leads to strong temperature

gradients in these layers, when the radiative losses are

smaller than the heating rate. As a consequence, the

heated atmosphere expands both upward and down-

ward, known as chromospheric evaporations and con-

densations, respectively. Chromospheric evaporation

drives chromospheric material into the corona, filling the

flare loops and increasing their emission measure such

that they subsequently brighten.

The upward flow of chromospheric material (chromo-

spheric evaporation) is usually observed in spectral lines

as blueshifted emission. Evaporation has been observed

in many flares, with coronal lines exhibiting Doppler

shifts in excess of 100 km s−1 (see for example this

review of extreme-UV (EUV) flare emission: Milligan

2015). The upward velocity has been observed to reach

as high as 300 km s−1 in the Fe XIX line (Teriaca et al.

2003; Milligan et al. 2006a,b; Teriaca et al. 2006) and

400 km s−1 in the Ca XIX line (Antonucci et al. 1982;

Antonucci & Dennis 1983; Wuelser et al. 1994; Ding

et al. 1996; Doschek & Warren 2005). Using observa-

tions of Fe XXI 1354.1 Å line (T ∼ 11 MK), recent stud-

ies such as Battaglia et al. (2015); Graham & Cauzzi

(2015); Tian et al. (2014, 2015); Tian & Chen (2018);
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Figure 1. Panel (a): SDO/AIA 211 Å image taken at 17:35:25 UT, showing two major flare ribbons and flaring loops. Panel
(b): SDO/AIA 1600 Å image taken at 17:35:26 UT. Panel (c): IRIS SJI 2796 Å image in the same FOV as the AIA image,
taken at 17:35:08 UT. The dark line indicates the slit position and the small red box SOI indicates the region of interest. Panel
(d): Light curves of GOES soft X-ray (SXR, in black), derivative of SXR (red), UV-2796 in SOI (green).

Polito et al. (2015, 2016b) found blueshifted emission

up to 350 km s−1. Compared to spectral analyses, ob-

servations of chromospheric evaporation obtained from

imaging are rare. Upward motions (up to 500 km s−1) of
X-ray sources have been detected using the Reuven Ra-

maty High Energy Solar Spectroscopic Imager (RHESSI;

Lin et al. 2002) observations (Liu et al. 2006; Ning

et al. 2009) and using Hinode/X-Ray Telescope obser-

vations (Nitta et al. 2012; Zhang & Ji 2013). Chromo-

spheric evaporation can be characterized as an ‘explo-

sive’ event if supersonic up flows are present, or as a

‘gentle’ event if only subsonic upflows are present. Hy-

drodynamic modelling suggests that one of the deter-

minant is the energy flux carried by energetic electrons

(e.g. Fisher et al. 1985a,b,c; Fisher 1989). A thresh-

old of ∼ 1010 erg cm−2 s−1 is sometimes considered to

separate the ‘explosive’ and ‘gentle’ regimes. The low-

energy cutoff of the non-thermal particle distribution is

also known to be important (Reep et al. 2015; Polito

et al. 2018).

As a signature of chromospheric condensation, Hα

red-wing asymmetries were first reported by Waldmeier

(1941) and Ellison (1943). Those observations were in-

terpreted as representations of downflows with veloci-

ties generally between 10 to 100 km s−1 (Ichimoto &

Kurokawa 1984; Fisher et al. 1985a). Later, the cor-

relation between Hα asymmetry and flare heating was

confirmed by Wuelser (1987), Wuelser & Marti (1989)

and Canfield & Gayley (1987). High spatial, spectral,

and temporal Observations of redshifted spectral lines,

or lines with red-wing asymmetries, from the Interface

Region Imaging Spectrograph (IRIS; De Pontieu et al.

2014) have suggested typical downflow speeds on the

order of ∼ 10− 100 km s−1, in C- to X-class flares, ob-

tained from resonance lines of Si IV and Mg II, or from

numerous other chromospheric transitions (Kerr et al.

2015; Liu et al. 2015; Graham & Cauzzi 2015; Graham

et al. 2020; Lörinč́ık et al. 2022a; Yu et al. 2020; Lörinč́ık

et al. 2022b; Wang et al. 2023). See also the reviews by

De Pontieu et al. (2021) and Kerr (2022), and refer-

ences therein. Downflows can exhibit as either full line
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shifts, red wing asymmetries, or as separate redsifted

components. In addition to downflows located at flare

footpoints, larger magnitude downflows (as high as 180

km s−1) have been observed in flaring loops or in coronal

rain, where the density is relatively lower (Kleint et al.

2014; Lacatus et al. 2017). Tian et al. (2015) reported

downflows of up to 60 km s−1 seen in Si IV line, but with

some 150 km s−1 blobs. For short duration redshifts, the

Si IV lines represent both draining of loops as they cool,

and chromospheric condensations in footpoints (Tian &

Chen 2018).

Mass flows in flares have also been studied extensively

via numerical modelling, primarily via field-aligned (1D)

loop modelling. Such models include energy transport

by both electron beams and via thermal conduction

(some of which also include non-local radiative heating

and cooling, sometimes referred to as ‘backwarming’, via

plane-parallel radiation transport) and have been largely

successful in reproducing the typical magnitudes of mass

flows (that is, up to several hundred 100 km s−1 upflows,

and downflows in the region 10-100 km s−1), but have

been less than successful in reproducing the timescales of

mass flows (which are inferred from lifetimes of Doppler

shifts and asymmetries). Evaporation poses a larger

problem for models, with upflows rapidly subsiding soon

after the cessation of flare energy injection, whereas ob-

served blueshifts persist for up to 10 minutes in single

IRIS pixels (e.g. Graham & Cauzzi 2015). Chromo-

spheric condensations also subside somewhat too fast

in models compared to observations, but the problem

is not as stark as the evaporation timescales (e.g. Gra-

ham et al. 2020). Discrepancies between timescales of

upflows and downflows in observations and models are

somewhat mitigated by multi-thread loop models (Reep

et al. 2018a). Models have suggested that the downflow-

ing material is located within a dense plug of material

originating in the transition region that subsequently de-

celerates as it accrues more mass, such that it is propa-

gating with a speed on the order of up to few 10s km s−1.

If studied using narrow lines then this can appear as

a wholly separate component adjacent to a ‘stationary

component’ (e.g. Graham et al. 2020). For a compre-

hensive discussion see the review by Kerr (2022).

In this study, we present IRIS observations of a

very localised source of enhanced emission, which re-

brightens a few minutes after its initial brightening.

Spectral lines originating from this source exhibit ex-

tremely large red wings, from which we infer strong red-

shifts in the transition region and upper chromosphere.

These atypical, very transient, redshifts suggest down-

flowing material with a speed exceeding 100 km s−1,

presenting a challenge to standard flare models.

2. OBSERVATIONS

An X1.3 flare occurred around 17:21 UT on 2022

March 30, in active region (AR) 12975. It was well

observed by several telescopes, such as IRIS, the Solar

Dynamics Observatory’s Atmospheric Imaging Assem-

bly (SDO/AIA) and the Geostationary Operational En-

vironmental Satellite (GOES). It was a typical two rib-

bon flare, with roughly north-south ribbon separation.

IRIS observed this flare in sit-and-stare mode with a

medium slit length (67′′). Images were taken by IRIS’s

Slit-Jaw Imager (SJI) in the 1330 Å, 1400 Å and 2796 Å

passbands, with a cadence ∆tSJI ∼ 28 s. Spectra were

obtained with a variable cadence ∆tSJI ∼ 4− 15 s. The

spatial resolution along the slit is ∼0.′′33, and the spec-

tral resolution in the near-UV is ∼ 52 mÅ and in the

FUV is ∼ 26 mÅ. No on-board spectral summing was

performed.

Figure 1 provides an overview of this flare, showing

snapshots of the flare ribbons in two SDO/AIA pass-

bands and in a IRIS SJI passband, alongside the GOES

soft X-ray lightcurves. A compact feature brightens be-

hind the propagating bright flare ribbon, from which the

unusually broad spectra are observed (see also Figure 2

& 3). The source of interest (SOI) is approximately 5

IRIS pixels in size, which is about 1′′.6. The emission

from SOI is plotted in green in panel Figure 1(d). SOI

has two peaks, the first peak is in response to the ma-

jor flare ribbon and the second peak is caused by the

transient heating being investigated in this study.

As reconnection proceeds along the arcade, there is

an apparent motion of the two flare ribbons, with one

sweeping south. This crosses the region near x = 510′′,

y = 298.5′′first around 17:31 UT, shown in the top row

of Figure 2. Some 4-5 minutes later a small feature

appears near x = 511′′, y = 299′′, in the wake of the

ribbon, which itself continues to sweep southward. This

small feature is the SOI, and appears to be an extension

of the ribbon curving back in on itself. It persists for

only SJI exposure. Appendix A shows a similar figure

for the 1330 Å SJI filter.

3. EXTREMELY ASYMMETRIC RED WINGS

Spectrograms from the SOI, when the unusually broad

spectra are observed, are shown in Figure 3 (Appendix B

shows the spectra time at which the southern ribbon ini-

tially swept past the field of view). In each, the Si IV,

C II, and Mg II resonance lines are shown, as is the O I

1355.6 Å line. When the ribbon initially passes over this

region, around 17:31 UT, the spectral response is fairly

typical of flare spectra, with broadened lines, redshifts

and asymmetries, intensity increases, and single-peaked

Mg II resonance and subordinate line emission (see, for
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Figure 2. IRIS SJI images from the 2022-March-30th X-class flare, showing a sequence of 2796 Å observations. They show
the initial brightening in the region of our source of interest, and then the re-brightening of this source a few minutes later. A
rectangular box outlines the source of interest. The second brightening is associated with the appearance of extremely broad
red-wings of several spectral lines. For one frame (at 17:35:19 UT) a small bright feature appears near x = 512′′, y = 299′′.
By the next exposure it is no longer present. This feature could be a small extension of the southern ribbon, re-appearing in
a region that was previously brightened. The darker vertical line in each image is IRIS’ SG slit. The distorted feature in the
bottom of the image, extending from x = 510′′-514′′ is the result of dust on the detector, which appears bright here since the
image is shown on a logarithmic scale. Appendix A shows a similar figure for the 1330 Å filter.
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Figure 3. Spectra from the SOI, where the extremely broadened, redshifted wings are obvious. Shown are C II (top left), O I

1355.6 Å (top-middle), Si IV (top right), Mg II (bottom row, including a zoomed in view of Mg II k). In each panel the vertical
lines are the rest wavelengths of the main lines within each window. The dotted horizontal line indicates the location of the
source of interest. Note that the O I 1355.6 Å does not exhibit a strong Doppler response within the SOI, but is very bright
and broadened underneath the main ribbon, which is now in the southmost portion of the field of view. This line does increase
a little in intensity after the SOI, perhaps in response to it.
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example, Kerr et al. 2015; Liu et al. 2015; Panos et al.

2018, 2021; Panos & Kleint 2021). Later, during the SOI

the spectra are quite atypical, with an obvious extreme

excursion into the red wing of each of the transition re-

gion and upper chromospheric lines, that is the Si IV

1402 Å line, the C II resonance lines, the Mg II h & k

lines, and the Mg II subordinate triplet. At the peak

time of the SOI, the spectra’s red wings are fairly flat,

and can even exceed the intensity of the core region.

Excursions into the red wing are so extreme that the

C II lines merge into one another, and the Mg II k line

intersects the blue wing of the Mg II 2799 Å subordi-

nate lines. There are also times when the Mg II reso-

nance lines have a shallow central reversal. Notably O I

1355.6 Å the core of which forms somewhat deeper than

the Mg II lines (Kerr et al. 2019b), does not respond very

strongly at the time of the SOI, nor does it exhibit the

red wing asymmetry. Similarly, O IV 1401.163, which

forms at similar temperatures to Si IV, remains fairly

weak. The O lines are optically thin, which might sug-

gest opacity effects are in some way responsible for the

red wing characteristics of the other spectra. Overall,

the intensity for all of the lines is smaller than the ini-

tial brightening. For the remainder of this analysis we

focus on the evolution of a single pixel, which exhibited

the broadest red wings, at index yslit = 51.

Due to the relatively coarse temporal resolution of

SJIs, we estimate the duration of SOI using the Mg II

data. The red-wing enhancement becomes obvious at

17:34:48 UT and disappears by 17:35:29 UT. The time

intervals immediately before and after this 41 s period

are 17:34:33 UT and 17:35:44 UT. Therefore, the esti-

mated duration of this transient feature, to within the

cadence of the observations, is 41± 15 s.

The evolution of the atypical spectra as a function of

time are shown in detail in Figure 4, where the image

of each spectral line shows wavelength as a function of

time, and where the cut-outs show the spectra at var-

ious times. In those figures the rest wavelengths are

indicated (note that one of the C II resonance lines is a

blend of two strong lines, and similarly the Mg II subor-

dinate triplet includes a blend of two of those lines near

2799 Å).

The three resonance line spectra exhibit very similar

line shapes during the SOI: the red wings grow in inten-

sity, flatten, and extend over 200 km s−1 from the rest

wavelength, without an equivalent feature in the blue

wing. As mentioned previously, these are very transient

features, with a lifetime less than 60 s. Inferred flows

are discussed more quantitatively later, but we note here

that these red wings imply supersonic flows (the sound

speed is likely vs < 50 km s−1 at the formation temper-

ature of the lines considered here) that appear within

15 s and dissipate rapidly, within < 55 s.

While the three resonance lines seemingly brighten

and exhibit enhanced red wings simultaneously (within

the ∆t = 4−15 s cadence), the weaker, and intrinsically

narrower, Mg II subordinate triplet seem to take some-

what longer to exhibit the red wing asymmetry, though

there is a slight increase in the continuum level which

could be hiding a weak asymmetry. Some 30 s after the

resonance lines clearly show an excursion into the red

wing, one appears in the triplet lines also. This appears

as a separate component, that is weaker than the sta-

tionary component. Differences between the appearance

of this component compared to the same feature in the

resonance lines could be due to the relative narrowness

of the triplet lines, or due to their slightly deeper forma-

tion height. This separate red-shifted component analo-

gous to, but more extreme than, the IRIS spectra stud-

ied by Graham et al. (2020). In that study, which was

backed up by radiation hydrodynamic modelling, the

authors attributed the appearance of a separate com-

ponent that decelerated towards rest, ultimately merg-

ing with the stationary component, to a dense chromo-

spheric condensation. The temporal evolution of our

SOI is not immediately clear from the wider resonance

line spectra, but there are hints from the narrower sub-

ordinate lines spectra that we are seeing a similar pat-

tern as reported by Graham et al. (2020) (c.f. lower left

hand panel of Figure 4).

The initial brightening is also shown on Figure 4,

around t ∼ −225 s, for comparison. The peak intensity

of some of the lines is larger during the initial brighten-

ing, but while the wings do broaden, they do not take

on the flat shape and do not extend as far as they do

during the SOI. Also the Mg II triplet line wings appear

as smooth extensions rather than a separate component.

Figure 5 shows the temporal evolution of the O I

1355.598 Å line, with the C I 1355.844 Å line appearing

adjacent to it. Unlike the lines that form at somewhat

greater altitude and at somewhat higher temperature,

this line exhibits no extraordinary red wing asymme-

tries, and remains relatively weak. There are hints of

red wing asymmetries in the C I line, but they are not

as noteworthy as the other spectra. A lack of a red-wing

feature in the O I 1355.598 Å line strongly implies that

this unusual behaviour is confined to the transition re-

gion and upper chromosphere. Also shown on Figure 5

is the O IV 1401.163 Å line, which shows a modest in-

tensity increase during the SOI, but does not exhibit

any significant broadening or Doppler flows. This line

peaks in intensity one exposure prior to the appearance

of the very flattened wings of the resonance lines. Dur-
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Figure 5. Same as Figure 4, but for the O I 1355.598 Å
and C I 1355.884 Å lines (top panel), and O IV 1401.163 Å
(bottom panel).

ing the initial brightening the O IV line is blueshifted,

suggestive of upflowing plasma. Under the assumption

of ionisation equilibrium Si IV forms at T ∼ 80 kK,

and O IV forms at T ∼ 140 kK. The lack of major re-

sponse in during the SOI restricts any substantial down-

ward mass motions to T <∼ 140 kK. Several effects, in-

cluding non-equilibrium ionization (Doyle et al. 2013),

non-Maxwellian distributions (Dud́ık et al. 2014) and

suppression of dielectronic recombination (Polito et al.

2016a) can shift the formation temperature of these

lines, to either higher or lower values.

4. RESULTS OF DOPPLER VELOCITIES

There are several methods that can be used to ob-

tain quantitative information from spectra, which can

be used to infer some plasma properties or to compare

to numerical models. To find the Doppler shift, a com-

mon method is to fit the spectra with a single or multi-

ple Gaussian functions (recent example with IRIS data

include Li et al. 2022; Yu et al. 2020; Ashfield et al.

2022). This method works well for optically thin lines

or spectra with Gaussian shapes. On the other hand,

spectral moments analysis is appropriate for optically

thick lines, such as the Mg II lines, or line profiles that

differ from Gaussian shape. The line centroid is defined

as λc = M1/M0, where M0 =
∫
I(λ)dλ (0th moment)

and M1 =
∫
I(λ)λdλ (1st moment). The Doppler shift

can then be found by measuring the displacement be-

tween this centroid and the reference line center (at a

non-flare region). In principle, the method using spec-

tral moments provides a sense of an “averaged” Doppler

signal, since it measures the ‘center of mass’ of the over-

all line.

Figure 6 shows UV spectra at the time of peak

asymmetry in the SOI (17:35:19.75 UT), for the C II

1334.53 Å Si IV 1402.77 Å line, and the Mg II k line.

Three Gaussian components are used in the fitting and

the representative downward velocity was obtained from

the red-most Gaussian fit (dotted dash curves). The

results are shown in Table 1, alongside the moments

analysis. The multi-Gaussian fits suggest a large-scale

motion with a speed about 160 km s−1 in the upper

chromosphere and transition region. During the peak

time (17:35:19 to 17:35:29 UT), the red-wing compo-

nent of the Mg II subordinate lines is present. These

lines form somewhat below the Mg II h & k lines during

flares (e.g. Zhu et al. 2019; Kerr et al. 2019b,a), much

higher in altitude than in the non-flaring atmosphere.

Their Doppler shift at 17:35:19 was measured to be 130

km s−1. The moments analysis yields smaller Doppler

shifts for each line than the results obtained by Gaussian

fitting, but are still larger than typically observed flare

sources. A histogram of Mg II Doppler shifts derived

from the moments analysis including pixels in both SOI

(blue) and the main flare ribbon (orange) is shown in

Figure 7. On the flare ribbon (pixels 27 to 48), the peak

shift is around 30 km s−1. Most of the redshifts of SOI

pixels range from 50 to nearly 90 km s−1. For those pix-

els in the SOI with large moments-derived Doppler shifts

our Gaussian fitting analysis (c.f Figures 6 & 8) yields

Doppler motions far into the wings, up to 160 km s−1.
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Figure 6. Multi-Gaussian fit of UV spectra at 17:35:19 UT
on SOI (Y = 51 pixel). Three Gaussian components are in-
volved and the combinations of all components are the mod-
eled results in red solid curves. The dotted-dash line in yel-
low is the red-most Gaussian fit, representing the downward
Doppler velocities. The relative timing of these spectra are
indicated by thick horizontal lines on Figure 4. The vertical
line in each panel shows the rest line center positions of C II,
Si IV and Mg II, at 1334.53 Å, 1402.77 Å, and 2796.33 Å,
respectively.

The temporal evolution of the Doppler shifts from the

SOI in different spectral lines are plotted in Figure 8.

Most lines reached their peak redshift around 17:35:19

UT, except the red-most Gaussian fit of Si IV line shows

a peak velocity of about 220 km s−1 at 17:34:59 UT us-

ing the multi-Gaussian fit.

10 20 30 40 50 60 70 80 90
Red-shift using Spectral Moment method [km/s]

0

5

10

15

20

25

30

Nu
m

be
r o

f P
ixe

ls

Pixels on Flare Ribbon
Pixels in SOI

Figure 7. Histogram of Mg II red-shifts of pixels on flare
ribbon (orange) and SOI region (blue).

While interpreting velocity evolution in optically thick

lines is non-trivial, we note the following regarding Fig-

ure 8. There is general agreement in both order of

magnitude of the inferred Doppler shifts from each of

our methods, as well as with the temporal evolution

after 17:35:14 UT. In the 20-30 s following the peak,

the inferred Doppler shifts decay towards rest, at which

times the excessively broadened red wings becoming

less prominent. The lines later appear broadened and

slightly asymmetric but more like typical flare profiles.

This timescale is consistent with the time taken for the

separable red wing components observed by Graham

et al. (2020) in flare spectra to merge with the sta-

tionary components. Indeed, this is most easily seen

in the narrower Mg II 2791 Å line, where there does

appear to be a separable component that merges with

the stationary component (c.f. Figure 4, lower left pan-

els). The stronger opacity and larger widths in the other

lines may act to mask the shifted component as being

a distinct separate component from the stationary pro-

files. While the initial shifts were not as large as those

inferred in this flare, Graham et al. (2020) attributed

such behaviours to the development, propagation, and

deceleration of chromospheric condensations.

5. DISCUSSION

Spectral profiles that resemble those presented here

are not common in the literature, and those examples

that have been reported were not as extreme as those
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Table 1. Downward Doppler Velocity Measured by Different
Methods, at the peak time of 17:35:19 UT

Spectral Lines Spectral Moment Multi-Gaussian

C II 115 km s−1 155 km s−1

Si IV 125 km s−1 160 km s−1

Mg II 85 km s−1 160 km s−1

Mg II subordinate 75 km s−1 130 km s−1

presented here, nor did they compare the Si IV, C II or

O I lines. Liu et al. (2015) analysed IRIS observations

of the 2014-March-29th X-class solar flare, focusing on

Mg II, and found some profiles with large red wings, for

example their Figure 6. However, the Mg II line wings

did not extend as far from line core as those presented

here, as shown in Figure 10. At t = 17:46:13, the Mg II
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Figure 8. Evolution of derived red-shift velocities, using
multi-Gaussian fit in panels (a) - (d) and spectral moment
method in panel (e) - (h), on SOI (Y = 51 pixel).

line profile showed a redshfit of about 75 km s−1 (51

km s−1 using spectral moment method). Then again at

17:52:28UT, the Mg II looks more like our profiles with a

red-shift about 70 km s−1 (64 km s−1 using spectral mo-

ment method), and would also be a re-brightening some

few minutes after the initial phase. Lacatus et al. (2017)

also presented profiles that have prominent, broad red

wings, which were interpreted as turbulent coronal rain

following a flare. In that instance, however, the red wing

asymmetries persisted for tens of minutes, rather than

the transient feature we identified here. Further, the

Mg II triplet lines were described as being rather weak

in comparison to the resonance lines, and did not seem

to exhibit red wing asymmetries.

Via the ratio of the Mg II lines, Lacatus et al. (2017)

determined that the triplet lines were optically thin, and

that the resonance lines deviated from an optically thin

ratio due to radiation anisotropies. In our flare observa-

tions the Mg II h & k lines were optically thick, with a

line ratio that decreases closer to unity in the red wing1.
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Figure 9. The evolution of the Mg II k:h ratio within
the source of interest as a function of time. The image
shows wavelength-versus-time, where the decrease in the ra-
tio closer to unity in the red wing occurs near t = 0 s. The
blue wing has a somewhat higher ratio. This can also be seen
in the cutouts at specific times. The initial flare brightening
produces a similar effect, but does not penetrate as far into
the red wing.

1 The line ratio would increase towards a value of 2:1 for k:h in the
event that the lines formed under optically thin conditions.



11

2792 2794 2796 2798 2800 2802 2804 2806
Wavelength [A]

0

200

400

600

800

1000
In

te
ns

it
y 

[c
ou

nt
] 

Figure 10. Mg II line profiles in 2014-March-29th flare
(blue) at 17:46:13 UT on pixel 436 and 2022-March-30th flare
(red) at 17:35:19 UT on pixel 51. The intensity of the line
profile of 2014-March-29th flare is reduced by a factor of 10.

Figure 9 shows the temporal evolution of the Mg II k:h

line intensity ratio, as a function of wavelength. When

the red wing asymmetry is present the ratio in the red

wing decreases relative to the blue wing (compare panel

(c) to the other panels). Note that in that figure, the

features near ±1.9 Å, and other large jumps, are due

to nearby spectral lines. That the broad wing is very

optically thick could suggest a high density of material

within the condensation. Interestingly, the ratio of the

line integrated-intensities (over −0.2 − 2 Å) of Mg II

2799 Å to Mg II 2791 Å increases during the SOI, from

a ratio Rsub ∼ 1.25 to Rsub ∼ 1.6. This suggests that

the line is still in the optically thick regime (Lacatus

et al. 2017), but there could be optically thin contribu-

tions from the condensation also. These ratios can act

as observational constraints on any future modelling.

If we can interpret these Doppler shifts as being a con-

sequence of downflowing plasma then what is the cause

of this supersonic mass flow? Typical flare models that

model energy deposition by nonthermal electron pre-

cipitation, thermal conduction, or Alfvénic waves, pre-

dict more modest speeds in the upper chromosphere.

In those models, condensations through the transi-

tion region and chromosphere are on the order of 10-

100 km s−1, which rapidly decelerate such that they are

typically around a few 10s km s−1 within the mid-upper

chromosphere itself (e.g. Fisher et al. 1985a,b,c; Fisher

1989). See also these loop modelling reviews: Kerr

(2022) & Kerr (2023). In this flare, the NUV contin-

uum, which is assumed to be part of the Balmer contin-

uum and together with the optical continuum represents

white light flare (WLF) emission, exhibits an initial im-

pulsive increase co-temporal with the initial passage of

the flare ribbon over the source of interest, which re-

duces in intensity rapidly (within 60 s). Shortly before

the second brightening of our source of interest, there is

another enhancement of the NUV continuum, this time

weaker, broader and with a more gradual temporal evo-

lution, that persists for many minutes. The cause of

WLF enhancements is still debated, but an impulsive

response is known to be associated with hard X-rays,

and thus presumably particle precipitation. That the

second brightening is weaker and more gradual places

constraints on the chromospheric conditions into which

energy is deposited and on the energy transport mech-

anisms at play, though further comment and study is

beyond the focus of this paper which is the excessive

red-wing asymmetry of Mg II, C II, and Si IV.

Rubio da Costa & Kleint (2017) suggested very fast

downflows as a means to explain very broad and asym-

metric Mg II spectra from the 2014-March-29th X class

flare that were similar in appearance to the profiles pre-

sented by us here, though not as extreme and without

the flattened line wings. By manually varying the ve-

locity in a flare atmosphere to introduce a large velocity

(200 km s−1) in the upper chromosphere they were able

to synthesise Mg II emission reminiscent of the profiles

from 2014-March-29th flare2. In our scenario this ve-

locity structure would need to be even more extreme,

extending to the lower transition region where Si IV and

C II form also. However, it is not clear how to arrive

such a velocity profile within the transition region and

upper chromosphere naturally (i.e. self-consistently in a

flare-driven simulation), how to maintain it long enough,

and how to quench it before the lower-mid chromosphere

is affected.

Although not common, some flare numerical mod-

elling studies have produced such significant downflow

speeds. Ashfield & Longcope (2021) modeled condensa-

tion speeds up to ∼ 300 km s−1 by considering heating

of the chromosphere via thermal conduction, with en-

ergy supplied for the duration of their simulation. They

noted that their peak downflow speeds were excessive

compared to most observations (recall that most obser-

vations do not seem to suggest downflows much greater

than 10-100 of km s−1), particularly given the rather

weak energy fluxes injected. The authors speculated

that the pre-structure of their chromosphere (isothermal

and fully ionised) was not very realistic and could act to

2 It should be noted, though, that Rubio da Costa & Kleint (2017)
did not update the gas density in their model when introduc-
ing this velocity gradient. As found in radiation hydrodynamics
simulations of flares, such large condensations would accrue sig-
nificant mass, increasing the optical depth of Mg II, and likely
reducing the impact of velocity smearing.
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reduce the flow speed. Of note here is that our inferred

large flow speeds occur in a region that has been previ-

ously heated a short time prior, so perhaps the ionisa-

tion state of the chromosphere is more comparable to the

Ashfield & Longcope (2021) experiments. We do note

that it takes some time for bright EUV loops to appear

near the SOI, which calls into question the scenario of

energy transport via conduction. Of course, it might be

that the emission measure of those loops is rather low,

but then the question of what suppressed evaporation to

fill the loops needs to be addressed. The work of Ashfield

& Longcope (2021) was built upon foundations made by

Fisher (1989), who determined analytical relationships

between lifetimes and magnitude of chromospheric con-

densations and the energy flux delivered to the chromo-

sphere during flares. Fisher (1989) found that the peak

downflow velocity, vp, was related to the pre-injection

chromospheric mass density, ρchrom: vp ∝ ρ
−1/3
chrom. Thus

one means to produce an exceptionally large downflow

is to inject flare energy into a very low density region

of the chromosphere. In such a scenario, there could be

an underdense region of the upper chromosphere/lower

transition region that allows the condensation to reach

large velocities before picking up mass and decelerating.

Condensation velocities up to 150 km s−1 (Zhu et al.

2019) or higher (Kowalski & Allred 2018) were pro-

duced in radiation hydrodynamic models driven by very

large non-thermal electron beam fluxes (5 × 1011 and

1× 1013 erg s−1 cm−2, respectively). In the former sce-

nario, the downflow rapidly reduces in speed once it hits

the upper chromosphere and accrues mass, dropping to

a few tens of km s−1 within 2-3 seconds. The synthetic

Mg II spectra from (Zhu et al. 2019) are not consis-

tent with the observations presented here. Initially their

synthetic profiles are entirely redshifted, moving rapidly
towards the rest component. Multiple line components

are only present for a very short time. Our observa-

tions, however, exhibit a mostly stationary component

throughout, alongside a strong enhancement to the red

wing. These persist for multiple 2.5s exposures, up to

60 s in duration. So, while these high-flux particle beam

experiments can produce the required velocities, those

downflows are thus far too transient to arrive at the

velocity stratification seemingly demanded by our ob-

servations.

Finally we note some similarities and differences

between our observations and those of Ichimoto &

Kurokawa (1984). Those authors found localised (∼ 1′′)

Hα flare sources which exhibited strong red wing asym-

metries. Typical inferred Doppler motions were smaller

than those found in this flare (around 40−100 km s−1),

though their Figure 6c does indicate potentially higher

values up to 140 km s−1. Those localised fast flows

were short-lived, decreasing rapidly to a few 10s km s−1

within 30s. Indeed, the Hα profiles presented by Ichi-

moto & Kurokawa (1984) at times appear reminiscent

of the profiles shapes discussed by us (e.g. their Fig-

ure 4a). Those authors attributed their observations to

chromospheric condensations. If this is also true of our

observations, that appear to be more extreme examples

and which pose a problem to current electron beam or

conduction driven flare simulations, then we must en-

deavour to understand the circumstances that lead to

the development of such a strong velocity.

6. SUMMARY

In this study, we study a transient emission with

unusually strong enhancement in the red-wing, that

could be interpreted as downward velocities about 40

- 160 km s−1. To our knowledge, such high supersonic

downflows have not been reported commonly in flare

footpoints. The emission source was located behind one

of the major flare ribbon moving mainly southward, in a

region that had previously been heated by the flare, such

that the ribbon appears to extend back on itself. The

spectral features, and images of the emission enhance-

ment, suggest a lifetime of approximately 41±15 s. Since

the profiles were flattened along the red wings, it is rea-

sonable to assume that the density of the condensation

was large enough to raise the τλ = 1 height through-

out the entire wing such that the wing formed entirely

within the condensation.

A quantitative analysis was performed, using spectral

moments and Gaussian fitting, to attempt to character-

ize the typical Doppler motions involved, but we stress

that the interpretation of Doppler motions from opti-

cally thick lines to ascribe an actual atmospheric bulk

motion is complicated. That the C II and Si IV lines

(the latter of which may be optically thin) give metrics

consistent with Mg II does give confidence in our inter-

pretation, and even if the absolute values of the down-

flow can not be stated without the caveats of dealing

with optically thick lines, these red wings are certainly

more extreme that is typical in flare observations

Extreme excursions into the red wings had an a rapid

onset time, and seemed confined to the transition re-

gion and upper chromosphere, evidenced by the lack

of contemporaneous shifted emission of the O I line.

The increase of opacity in the Mg II resonance line

wings could be evidence of increased density. Given (1)

the similarity in appearance to observations of chro-

mospheric condensations (e.g. Graham et al. 2020, who

showed separated components merging with the station-

ary component), (2) that the Mg II subordinate lines are
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strongly in emission and also exhibit asymmetries (un-

like the weak profiles from the coronal rain observations

of Lacatus et al. 2017), and (3) that the appearance of

a prominent red wing asymmetry in the Mg II subordi-

nate lines take somewhat longer to appear, we speculate

that this observation is an extreme example of a dense

chromospheric condensation. This condensation subse-

quently propagates through the transition region and

chromosphere but is damped in the mid-upper chromo-

sphere. Such a supersonic condensation would likely

lead to a shock and subsequent heating, but it cools

very rapidly and the lower atmosphere is seemingly

not strongly affected. Its speed is at odds with both

typical observations and also typical modelling of chro-

mospheric condensations. Though models do suggest

such large velocities can be produced, they are thus

far too transient and subside to 10 − 100 km s−1 upon

accruing mass in the upper chromosphere. Modelling of

the flaring chromosphere should endeavour to explore

the conditions that leads to these supersonic flows, with

the fact that this source occurred in a previously heated

atmosphere is perhaps important. Based on theoreti-

cal analysis of condensations (Fisher 1989; Ashfield &

Longcope 2021), this condensation, although seemingly

dense when emitting in Mg II, may have been generated

following energy injection into an initially under-dense

region.
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Golub, L. 2014, ApJL, 780, L12,

doi: 10.1088/2041-8205/780/1/L12

Ellison, M. A. 1943, MNRAS, 103, 3,

doi: 10.1093/mnras/103.1.3

Emslie, A. G. 1978, ApJ, 224, 241, doi: 10.1086/156371

Fisher, G. H. 1989, ApJ, 346, 1019, doi: 10.1086/168084

Fisher, G. H., Canfield, R. C., & McClymont, A. N. 1985a,

ApJ, 289, 414, doi: 10.1086/162901

—. 1985b, ApJ, 289, 425, doi: 10.1086/162902

—. 1985c, ApJ, 289, 434, doi: 10.1086/162903

Fletcher, L., & Hudson, H. S. 2008, ApJ, 675, 1645,

doi: 10.1086/527044

Graham, D. R., & Cauzzi, G. 2015, ApJL, 807, L22,

doi: 10.1088/2041-8205/807/2/L22

Graham, D. R., Cauzzi, G., Zangrilli, L., et al. 2020, ApJ,

895, 6, doi: 10.3847/1538-4357/ab88ad

Hirayama, T. 1974, SoPh, 34, 323,

doi: 10.1007/BF00153671

http://doi.org/10.1086/155999
http://doi.org/10.1007/BF00157175
http://doi.org/10.1007/BF00151147
http://doi.org/10.3847/1538-4357/ac402d
http://doi.org/10.3847/1538-4357/abedb4
http://doi.org/10.1088/0004-637X/813/2/113
http://doi.org/10.1086/165795
http://doi.org/10.1086/160751
http://doi.org/10.1007/s11207-014-0485-y
http://doi.org/10.1007/s11207-021-01826-0
http://doi.org/10.1086/176822
http://doi.org/10.1086/431920
http://doi.org/10.1051/0004-6361/201321902
http://doi.org/10.1088/2041-8205/780/1/L12
http://doi.org/10.1093/mnras/103.1.3
http://doi.org/10.1086/156371
http://doi.org/10.1086/168084
http://doi.org/10.1086/162901
http://doi.org/10.1086/162902
http://doi.org/10.1086/162903
http://doi.org/10.1086/527044
http://doi.org/10.1088/2041-8205/807/2/L22
http://doi.org/10.3847/1538-4357/ab88ad
http://doi.org/10.1007/BF00153671


14

Holman, G. D., Aschwanden, M. J., Aurass, H., et al. 2011,

SSRv, 159, 107, doi: 10.1007/s11214-010-9680-9

Hudson, H. S. 1972, SoPh, 24, 414,

doi: 10.1007/BF00153384

Ichimoto, K., & Kurokawa, H. 1984, SoPh, 93, 105,

doi: 10.1007/BF00156656

Kerr, G. S. 2022, Frontiers in Astronomy and Space

Sciences, 9, 1060856, doi: 10.3389/fspas.2022.1060856

—. 2023, Frontiers in Astronomy and Space Sciences, 9,

425, doi: 10.3389/fspas.2022.1060862

Kerr, G. S., Allred, J. C., & Carlsson, M. 2019a, ApJ, 883,

57, doi: 10.3847/1538-4357/ab3c24

Kerr, G. S., Carlsson, M., Allred, J. C., Young, P. R., &

Daw, A. N. 2019b, ApJ, 871, 23,

doi: 10.3847/1538-4357/aaf46e

Kerr, G. S., Fletcher, L., Russell, A. J. B., & Allred, J. C.

2016, ApJ, 827, 101, doi: 10.3847/0004-637X/827/2/101

Kerr, G. S., Simões, P. J. A., Qiu, J., & Fletcher, L. 2015,

A&A, 582, A50, doi: 10.1051/0004-6361/201526128

Kleint, L., Antolin, P., Tian, H., et al. 2014, ApJL, 789,

L42, doi: 10.1088/2041-8205/789/2/L42

Kontar, E. P., Brown, J. C., Emslie, A. G., et al. 2011,

SSRv, 159, 301, doi: 10.1007/s11214-011-9804-x

Kopp, R. A., & Pneuman, G. W. 1976, SoPh, 50, 85,

doi: 10.1007/BF00206193

Kowalski, A. F., & Allred, J. C. 2018, ApJ, 852, 61,

doi: 10.3847/1538-4357/aa9d91

Lacatus, D. A., Judge, P. G., & Donea, A. 2017, ApJ, 842,

15, doi: 10.3847/1538-4357/aa725d

Li, D., Hong, Z., & Ning, Z. 2022, ApJ, 926, 23,

doi: 10.3847/1538-4357/ac426b

Lin, R. P., Dennis, B. R., Hurford, G. J., et al. 2002, SoPh,

210, 3, doi: 10.1023/A:1022428818870

Liu, W., Heinzel, P., Kleint, L., & Kašparová, J. 2015,
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Figure 11. Same as Figure 2 but for the IRIS 1330 Å SJI passband. The distorted feature in the bottom of the image,
extending from x = 510′′-514′′ is the result of dust on the detector, which appears bright here since the image is shown on a
logarithmic scale

APPENDIX

A. SOURCE OF INTEREST EVOLUTION IN 1330 Å

The temporal evolution of the initial brightening and re-appearance of an enhanced feature near the source of interest

as observed by the 1330 Å SJI filter is shown in Figure 11.
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Figure 12. Same as Figure 3, but during the initial brightening of the flare ribbon that passes over the source of interest. The
dotted horizontal line indicates the location of the source of interest.

B. SEC:SPECTRA DURING THE INITIAL RIBBON BRIGHTENING

Before the brightening in the source of interest at around 1735 UT, the southern flare ribbon swept past at around

1731 UT. The spectra during that time were less extreme than during the SOI, and are shown in Figure 12.
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