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Mg II h & k: temperature diagnostics
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(about 15 km s−1), but this was the middle part of the EB, not
its top, due to its eastward progression (Figure 2).

Thus, there is no point in inspecting (or modeling) the cores
of Hα and Mg II h & k to study EB behavior, but the striking
agreement in Doppler asymmetries for the Mg II triplet, Si IV,
and C II lines suggests that these sample the underlying EB
without fibrilar obscuration. These IRIS lines thus provide
diagnostics in which EBs are “unveiled.”

In addition, these EB-unveiling diagnostics differ clearly in
how they sample EB-1. The Si IV lines indicate a roughly
optically thin feature for the red and blue profiles even at their
centers, because each pair reaches similar heights in the second
and third panels of Figure 4 and shows no flattening or dip in
the line cores. Since the plot scales of the Si IV panels differ by
the transition probability ratio, such apparent height equality
suggests optically thin formation. For the violet profiles this is
not the case, suggesting that the increased emissivity went
together with larger EB-1 opacity.

This thickness measure is quantified in Figure 5 which plots
the intensity of one Si IV peak against the peak ratio. They were
measured by averaging the profiles over all spatial-temporal
samplings of pixels within the bright EB-1 patch in the
1400 Å SJI that correspond to each successive IRIS scan, and
smoothing the top of each averaged profile to measure its
maximum intensity.

For an optically thin cloud without background irradiation,
the emergent doublet intensities equal the local emissivities
times the geometrical thickness and obey the transition
probability ratio of 2. For thicker features the ratio reduces,
reaching unity for an opaque cloud with constant source

function and then yielding flat-topped profiles (Figure 2.2 of
Rutten 2003). Figure 5 suggests that EB-1 was mostly neither
thin nor thick, but “thinish” with ratio values between 1.9 and
1.5 that typically correspond to thicknesses 0.3 and 1.6,
respectively. The sampletime coding (color) suggests that EB-
1 started and ended optically thin, but was generally somewhat
thicker at high peak intensities in between.
When such features become much thicker than the photon

mean-free path, internal resonance scattering tends to cause

Figure 4. CRISP and IRIS spectra of EB-1. Clockwise: Hα, the Si IV lines near 1394 and 1403 Å, the Mg II h & k lines near 2796 and 2804 Å withthe (double)
Mg II triplet lines near 2798 Å between them, and the C II doublet near 1335 Å. Several other lines and blends are indicated by the labeled vertical dashed lines. All
wavelengths are vacuum values (against the convention of specifying air wavelengths above 2000 Å because IRIS is a space platform). The red profiles were taken at
08:29:25 UT, the blue profiles at 08:29:28 UT, and the violet profiles at 08:32:53 UT. The colors correspond to the pixel markers in Figure 2. The black profiles show
the average spectrum for the “quiet-Sun” reference box in the first row of Figure 1. Axes: intensities in instrument units vs. wavelengths in Å, with equivalent
Dopplershift from line center of the strongest line along the panel tops. The second Si IV line (third panel) is drawn at a doubled intensity scale to offset the factor of
two between their transition probabilities; equal apparent profile heights indicate optically thin line formation.

Figure 5. Peak intensity of the Si IV 1403 Å profile against its ratio with the
peak intensity of the Si IV 1394 Å profile for all spectral samplings of EB-1.
The color coding specifies observation time. The two diamonds specify the
start and end samplings.
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selected two for display in Figures 11–16. Their locations are
specified in Figure 1.
Blinking the AIA 1700 Å against HMI magnetogram

animations shows that FAF-1 started when a small patch of
black polarity ran fast from afar to merge with a larger black
one adjacent to yet a larger patch of white polarity; all black

Figure 10. CRISP and IRIS spectra of EB-a (violet), EB-b (blue), and EB-c (red) in dataset 2 at the marker positions in Figure 9 and with the same color coding. The
format is the same as for Figure 4.

Figure 11. Image cutouts for FAF-1. The format is the sameas for Figure 6,
except that SST Hα core images are added in the second column, AIA
1600 Å images instead of 1700 Å images are shown in the third column, and
no 1400 Å slitjaw images are shown because they were all nearly identical to
the 1330 Å ones. The red and blue polarity contours represent thresholds of
+100 and −450 counts, respectively. The sample times correspond to 5
successive (8.6 minutes apart) slit samplings of this location in the IRIS raster
pattern, plus the moment of the Hα microflare (fourth row). The byte-scaling is
the same along columns.

Figure 12. Light curves for FAF-1 in the same format asFigure 3. The
integration aperture had a diameter of 6.0 arcsec, as indicated in the first panel
of Figure 11. The vertical lines correspond to the sampling times of the rows in
Figure 11. The dotted one is for the first Hα sampling, slightly offset from the
first IRIS sampling because the SST observation started at 07:47 UT.
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Inspection of the IRIS spectra showed no spectacular profiles
from this million-Kelvin arch: the Si IV lines were enhanced but
single-peaked, the C II lines enhanced and double-peaked but
fairly average in width, Mg II h & k were enhanced and
broadened, and there was no sign of the Mg II triplet lines.
However, the O IV lines at 1399 and 1401 Å were clearly
present throughout the hot arch. These signatures merit further
investigation, but studying and displaying such hot coronal
FAF aftermaths falls outside the scope of this EB paper. We
concentrate here on the loweratmosphere signatures at the
FAF-1 site.

Unfortunately, the IRIS slit did not sample FAF-1 at the time
of its Hα flaring and filamentary extension. We therefore
display the imaging at this time in the fourth row of Figure 11
and show spectra from all slit passes before and after. In the
fourth row the Hα core shows its microflare while the onset of
the filamentary extensions is clearest in the 1330 Å slitjaw
image, but also noticeable in Hα. There was no enhancement of
the Hαwings, nothing like an EB, at that time.

However, the first row of Figure 11 displays brightness
patches like an EB, but with the abnormality of also appearing
in the Hα core. The latter is not very bright at this initial
sampling time in in Figure 12, but this is due to the presence of
an extended dark fibril within the wide integration contour. The
corresponding blue profiles in Figure 13 appear EB-like, rather
like EB-1ʼs violet profiles in Figure 4 but higher, also in
Mg II h & k. The blue Mg II triplet profile shows very high
peaks, also as for the violet sampling of EB-1.

The next sampling (second row, violet pixel and violet
profiles) produced bright Si IV and C II lines. They remain less
intense than the brightest from EB-2, but show extremely wide
and much blueshifted profiles, top raggedness, and deep
Ni II blends. The deep self-absorption dips of the C II lines
remain at their rest wavelengths but the rest of the profiles are
soblueshifted, as are the Si IV lines, that almost no red peaks

remain. The intensity ratio of the Si IV lines still suggests thin to
thinnish formation. Both Si IV lines resemble the Si IV profiles
for B-2, 3, and 4 in Peter et al. (2014), while the C II lines are
most alike the C II lines for B-3 and 4, suggesting that those
three IBs may in fact have been FAFs.
The striking shape similarities between the C II and

Si IV profiles blueward from the nominal line centers and in
the red tails suggest similar sampling of FAF-1 in these parts of
the C II lines, i.e., that the profile structure is mostly set by
similar effects of Dopplershift, respectively, on the emissivity
in optically thin formation and on the optical depth scales in
optically thick formation.
The non-shifted C II core dips suggest formation (likely

scattering) in a non-disturbed overlying region. The violet
Mg II h & k profiles also show wide wing extensions, with the
near equality of the two lines again suggesting optically thick
formation. The violet Mg II triplet profile is about normal
(nearly absent). The Mn I blends in the blue h & k wings are
deep dips.
The next sampling, again 8.6 minutes later but still 3 minutes

before the Hαmicroflare, produced the extraordinary orange
profiles in Figure 13. The Si IV and C II lines have lower
intensities, but are much wider and more symmetrical, as if
smeared by enormous thermal broadening or sampling a wide
distribution of very fast motions. They are appreciably
blueshifted, but have extended red tails. The C II lines again
appear very similar to the Si IV lines, except for the little dips at
their nominal line centers suggesting minimal absorption
(scattering) in undisturbed gas along the line sight. There are
no absorption blends whatsoever. The profile tops are ragged.
The orange Mg II h & k profiles reach as high intensities as

the brightest from EB-2 and with similar profiles but show only
very small central dips, with ragged appearances. It is the only
h & k sampling in all our spectra with obviously unequal wing
intensities between the two lines. The cores share in this

Figure 16. CRISP and IRIS spectra FAF-2 at the pixels marked in Figure 14. The format is the same as for Figure 4.
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G. S. Kerr et al.: IRIS observations of the Mg II h and k lines during a solar flare

Fig. 3. Spatial association of the RHESSI X-ray sources with the ribbon
structure. Panel a) shows the only time at which a non-thermal source
(20–50 keV) was near the NR structure. Panel b) shows that a short time
later, the higher energy source are no longer located near the ribbon (this
image uses 20–25 keV and 15–20 keV as the higher energy passbands
contained significant noise at these times). Panel c) shows the 6–9 keV
compact sources that are positioned near the NR. Dotted lines show the
IRIS slit positions.

Fig. 4. A sample flare spectrum (blue), with the pre-flare (red) and av-
eraged quiet Sun (green) spectra shown alongside. No central reversal
is seen in the flare or pre-flare spectra.

Fig. 5. A sample lightcurve showing the very impulsive peak.

asymmetries present. Each of these features will be discussed in
more detail below.

When the outer ribbon has moved on, the pixel sits in the
inner ribbon. The intensity drops quickly from the peak, usually
within one 43 s timeframe, followed by a slower decay over sev-
eral minutes. The resonance lines are affected by the filament
spreading over the ribbon, which results in a sudden dip in in-
tensity in the lightcurves. The subordinate lines are seemingly
not affected by the filament, showing instead a smooth decay to
pre-flare intensity. The profiles are still broadened at this stage
though to a lesser extent.

Figure 4 shows the pre-flare (red line), and flaring (blue line)
spectrum for a sample pixel within the NR, as well as the quiet
Sun (green line) spectrum, shown previously as a reference. This
figure demonstrates the spectral variations described above. It is
also clear from these spectra that the subordinate lines are in ab-
sorption in the quiet Sun, and go into emission during the flare.
We refer to the 2796.10 Å line as “s1” and since the 2798.75 Å
and 2798.82 Å lines are blended we refer to them together as
“s2”. The lightcurves of the h and k lines, and of s1 and s2, from
a flaring pixel are shown in Fig. 5, where intensity has been in-
tegrated over the line. Both the subordinate lines and resonance
lines decay within a similar timescale.

The k-line integrated intensity of each pixel in the NR and
surrounding region is shown as a function of time in Fig. 6.
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the temperature of the chromospheric plateau (panels (d)–(f) in
Figure 4), the microturbulence in the chromospheric plateau
(panels (a)–(c) in Figure 5), and the column mass of the
chromospheric temperature rise (panels (d)–(f) in Figure 5).

Varying the location in column mass of the TR has a large
effect on k2 and k3: the emission peaks get higher, and the
k3 minimum fills up as the TR is moved toward larger column
mass, but even the best-fit model still has some central reversal.
The subordinate blend gets shallower.

The temperature of the chromospheric plateau has a
significant effect on the Mg II k emission core width: larger
temperatures mean larger widths. For temperatures above
6.5 kK, the k2 intensity increases. The subordinate blend reacts
strongly to changes in temperature. For temperatures below
6.5 kK, it is in absorption; for higher temperatures, it gets
marked emission peaks.

Varying the microturbulence in the chromospheric tempera-
ture plateau changes the width of the Mg II k emission core, and
the width of the absorption line caused by the UV subordinate
transitions.

Changing the location of the chromospheric temperature rise
has two effects. First, the deeper in the atmosphere it is located,
the wider is the Mg II k emission core. Second, deeply located
temperature rises lead to emission in the wings of the
subordinate blend.

5. DISCUSSION AND CONCLUSIONS

Our results on the peculiar Mg II k profiles found in plage
provide an intriguing picture of heating in the plage chromo-
sphere and hotter layers above. Our numerical experiments
suggest that single-peaked or flat-topped profiles found in plage
arise naturally if the chromosphere is hot and dense, thus
ensuring coupling of the source function to the temperature,
and if the column mass of the TR is high so that k2 and k3 form
at the base of the TR. The latter occurs naturally at the
footpoints of hot, dense coronal loops in which a strong
thermal conductive flux pushes the TR to high column mass.
This scenario is supported by the observed large-scale
correlation between moss brightness (a proxy for coronal
pressure) and filled-in profiles with very little or absent self-

reversal. The correlation is not perfect since it depends on both
chromospheric and coronal conditions. For example, cooler
( 1 2~ - MK) but dense coronal loops can also have high
coronal pressures (and thus TR at high column mass), yet they
would lack signatures of AIA 19.3 nm “moss.” In addition,
locations with TR at high column mass may occur even for a
chromosphere that is lower density or cooler (leading to
centrally reversed profiles). Despite these caveats, we often do
find a reasonable correlation on small, arcsecond spatial scales
between k3 brightness and upper TR moss emission. At these
small scales, the Hαwidth does not correlate with
k3 brightness, but the Ca II 854.2 nm brightness does. This is
unlike the quiet Sun.
We find that, contrary to quiet-Sun profiles (Leenaarts

et al. 2013a, 2013b), the k3 and k2 properties in plage are
sensitive to conditions higher up, at the very top of the
chromosphere. The Mg II k sensitivity to (mid-)chromospheric
conditions can be found in the width of the Mg II k wing, the
(lack of) emission of the subordinate blend at 279.88 nm and
the k2 peak separation. Compared to quiet Sun, the Mg II k
wing width is significantly higher (but remarkably constant
around ∼30 km s−1) in plage regions. Comparison with non-
thermal line broadening of the O I 135.6 nm line shows that it is
smaller than 10 km s−1 and that there is a general correspon-
dence on large spatial scales, but not on small spatial scales.
This suggests that both increased microturbulence as well as
so-called opacity broadening must play a role in the large wing
widths of Mg II k. The opacity broadening comes about because
Mg II k is an optically thick line, with the peak separation of
k2 strongly influenced by the chromospheric column mass.
There is a significant sensitivity of the wing width to
chromospheric temperatures (as well as microturbulence).
The combination of these diagnostics with our numerical

experiments indicates that the chromospheric temperatures in
plage are remarkably constant and likely of the order of
6000–6500 K. This is compatible with the observed radiation
temperatures of k2, and further confirmed by the fact that the
subordinate blend at 279.88 nm is rarely found to be in
emission, something that would be expected for higher
temperatures.

Figure 5. Sensitivity of the emergent lines to variations in a 1D static plage atmosphere model. This figure follows the same format as Figure 4. Top row: variation in
chromospheric microturbulence. Bottom row: variation in column mass of the chromospheric temperature increase.
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k3 brightness, but the Ca II 854.2 nm brightness does. This is
unlike the quiet Sun.
We find that, contrary to quiet-Sun profiles (Leenaarts
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conditions can be found in the width of the Mg II k wing, the
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subordinate blend at 279.88 nm is rarely found to be in
emission, something that would be expected for higher
temperatures.
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chromospheric microturbulence. Bottom row: variation in column mass of the chromospheric temperature increase.
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Conclusions
• Forward modelling a reliable method to diagnose 

complex spectra

• Mg II triplet lines unremarkable except when in emission

• Amount of emission + shape of emission give clues to 
underlying atmosphere (ΔT >1500 K, Ne≈1018 m-3)

• IRIS results illustrate key cases where Mg II triplet useful 
in constraining condition of lower chromosphere


