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Energy flows through the solar atmosphere in mysterious ways. Structures may appear out of nowhere
through rapid heating or cooling, plasma can evaporate or condense quickly. Understanding the ther-
mal coupling through the atmosphere is key to uncover the origin of many solar phenomena. To probe
di↵erent temperatures, we must combine spectral lines formed over a wide range of plasma proper-
ties, a challenging task. The advent of the IRIS mission has made this task easier by providing a
broad thermal coverage and high spatial resolution. Combining IRIS with other observatories has
significantly improved our understanding of phenomena as diverse as spicules, penumbral micro-jets,
Ellerman bombs, the unresolved fine structure, and many others in both quiet and active regions. I will
cover some of IRIS ’s successes in mapping the thermal coupling between the chromosphere and tran-
sition region. More generally, I will argue how the multi-instrument approach is becoming an essential
tool to understand phenomena that can no longer be regarded as separate manifestations in di↵erent
layers, and are intrinsically multi-thermal.
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we observe that the final phase is significantly weaker
compared to the onset phase, #3 and #4 are very clear
examples. In spicule #3 we observe emission from only the top

of the spicule in Ca II during downward phase after it has faded.
The path traced by the top matches the parabola seen in the
other passbands. For the Si IV components we see that #1-#3

Figure 5. xt-diagrams of six spicules from the two data sets. The first column is a spatial cutout of the FOV at the time marked with a red dashed line in the
corresponding xt-plots on the same row. The slit regionis between the two red dashed lines. The black and white stripes visible in Ca II for spicules #3 and #6 are due
to missing data. Note that all images except He II are radially filtered. Time series of spicule #1 and #4 are shown in Figure 4.

(Animations a, b, c, d, e, and f of this figure are available.)
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Martínez-Sykora et al. (2017, Science 6344)

Spicules reproduced in Bifrost 2.5D model with ion-neutral effects 



Heating of spicules to at 
least TR temperatures 
occurs naturally in radiative 
MHD simulations

Ambipolar diffusion 
in low-density spicular 
environment has a key role
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Figure 2. Upper six panels show snapshots from an animation of a Type II spicule and PCD from the 2014 September 26 data set. The top row shows the IRIS/SJI
images, and the second row shows the SDO/AIA 171 running difference images. The red boxes highlight the location of the spicule and PCD. The lower two panels
show time–distance plots of the same region in running difference for both AIA 171 (third row) and IRIS/SJI (bottom row). The red dotted line corresponds to a
propagation speed of ∼100 km s−1.

(An animation of this figure is available.)
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Propagating Coronal 
Disturbances (PCDs)

See Bart De Pontieu’s 
and Ineke De Moortel’s 
talks later today!

Krzysztof Barczynski’s 
talk earlier today
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• Progressive cooling from TR to 
chromosphere

• Significant cooling before clumps 
reach the surface

• Still some plasma co-exists at 
coronal temperatures

• Thin layer (<0.33”) from 
chromosphere to TR temperatures 
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that vanished gradually and was gone by 08:30 UT. The SST
magnetograms have higher spatial resolution but only at the
bestseeing moments; the homogeneity of the HMI sequence
makes it more suited to follow such pattern changes.

The hotter AIA diagnostics (304, 171, 193 Å) show no
especially interesting activity occurringat the site of EB-2
during the entireperiod. EB-2 thus seems a bona fide EB, but
repeating over unusual duration dueto the continued supply of
opposite-polarity fields.

The top row of Figure 6 with red and blue pixel markers
shows EB-2 at the start of the SST observations (the first
vertical line in Figure 7). The corresponding red and blue
Si IV and C II profiles in Figure 8 appear similar in shape to
those in Figure 4, but note the differences in intensity scales:
the blue and red Si IV profiles reach count values nearly 20
times higherthan for EB-1, more than expected from the
doubled exposure time. They are also much wider. The red
C II profiles are still well separated, but the blue profiles nearly
overlap. This is not seen in quiet-Sun spectra (Lites et al. 1978).

The red and blue profiles nevertheless still display similar
profiles as EB-1: clean humps with the blue ones from the
upper part reaching higher intensities than the red ones from the
lower part, and with redshifts for the lower sampling and
blueshifts for the upper sampling that again correspond very
well between the Si IV, C II, and Mg II triplet lines. As in EB-1,
the 1700 Å brightness patch in the top row of Figure 6 favors
the bottom part of EB-2 while the ultraviolet images indicate
higher formation for hotter diagnostics. These EB-2 results are
in excellent agreement with our EB-1 findings.

However, the red and blue profiles sampled only the
beginningof EB-2. It became much larger and brighter
afterwards (see, for example,Figures 6 and 7). Figure 8also
adds lowerandupperspectral sample pairsat the times when

the IRIS slit passed EB-2 again around 07:56 and 08:05 UT,
respectively (the second and third rows of Figure 6, with
orange and cyan lower/upper markers in the second row and
green and violet lower/upper markers in the third row). The
Si IV and C II lines grew considerably in intensity and developed
more complex profiles that do show IB signatures: wide wings,
cores with complex structure, and deep blends.
The orange and green samplings of the lower part show the

most complex double-peaked Si IV profiles in Figure 8. These
profiles come closest in shape to the double-peaked profiles in
Peter et al. (2014), which were interpreted as a signature of a
bi-directional jet. Here, the small Si IV line-center dips may
represent self-absorption in stationary gas, but also just a lack
of stationary gas in the optically thin emissivity mapping of
two counter streams as blue- and redshifted profile humps. In
contrast to the similarity of the two Si IV profiles in Peter et al.
(2014), the green and orange Si IV profiles of EB-2 differ
between the two lines.
The Dopplershift patterns are again consistent between the

different unveiled diagnostics. All samples of the lower part
(red, orange, green) show redshifts domination, while the
samples of the upper part (blue, cyan, violet) show single
blueshifted peaks, although with redward profile tails. Most
profiles show ragged tops. Such core raggedness is further
discussed in Section 4.
The Ni II blends at 1393.32 Å in the stronger Si IV line and at

1335.20 Å between the C II lines are very pronounced in all but
the red samplings. The Fe II blends at 1403.10 Å and
1403.26 Å in the red wing of the weaker Si IV line are present
in the lower orange and greensamplings, and weakly in the
final uppervioletsampling. These blends generally show
blueshifts, which are larger in the orange than in the subsequent

Figure 8. CRISP and IRIS spectra of EB-2 at the marker positions in Figure 6, with the same color coding. The red and blue profiles were taken at 07:47:38 UT, the
orange and cyan profiles at 07:56:14 UT, and the green and violet profiles at 08:04:45 UT. The format is the same as for Figure 4, except that the Hα panel is
compressed in wavelength to make place for wider Si IV 1394 Å profiles conserving their Doppler velocity scale.
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that vanished gradually and was gone by 08:30 UT. The SST
magnetograms have higher spatial resolution but only at the
bestseeing moments; the homogeneity of the HMI sequence
makes it more suited to follow such pattern changes.

The hotter AIA diagnostics (304, 171, 193 Å) show no
especially interesting activity occurringat the site of EB-2
during the entireperiod. EB-2 thus seems a bona fide EB, but
repeating over unusual duration dueto the continued supply of
opposite-polarity fields.

The top row of Figure 6 with red and blue pixel markers
shows EB-2 at the start of the SST observations (the first
vertical line in Figure 7). The corresponding red and blue
Si IV and C II profiles in Figure 8 appear similar in shape to
those in Figure 4, but note the differences in intensity scales:
the blue and red Si IV profiles reach count values nearly 20
times higherthan for EB-1, more than expected from the
doubled exposure time. They are also much wider. The red
C II profiles are still well separated, but the blue profiles nearly
overlap. This is not seen in quiet-Sun spectra (Lites et al. 1978).

The red and blue profiles nevertheless still display similar
profiles as EB-1: clean humps with the blue ones from the
upper part reaching higher intensities than the red ones from the
lower part, and with redshifts for the lower sampling and
blueshifts for the upper sampling that again correspond very
well between the Si IV, C II, and Mg II triplet lines. As in EB-1,
the 1700 Å brightness patch in the top row of Figure 6 favors
the bottom part of EB-2 while the ultraviolet images indicate
higher formation for hotter diagnostics. These EB-2 results are
in excellent agreement with our EB-1 findings.

However, the red and blue profiles sampled only the
beginningof EB-2. It became much larger and brighter
afterwards (see, for example,Figures 6 and 7). Figure 8also
adds lowerandupperspectral sample pairsat the times when

the IRIS slit passed EB-2 again around 07:56 and 08:05 UT,
respectively (the second and third rows of Figure 6, with
orange and cyan lower/upper markers in the second row and
green and violet lower/upper markers in the third row). The
Si IV and C II lines grew considerably in intensity and developed
more complex profiles that do show IB signatures: wide wings,
cores with complex structure, and deep blends.
The orange and green samplings of the lower part show the

most complex double-peaked Si IV profiles in Figure 8. These
profiles come closest in shape to the double-peaked profiles in
Peter et al. (2014), which were interpreted as a signature of a
bi-directional jet. Here, the small Si IV line-center dips may
represent self-absorption in stationary gas, but also just a lack
of stationary gas in the optically thin emissivity mapping of
two counter streams as blue- and redshifted profile humps. In
contrast to the similarity of the two Si IV profiles in Peter et al.
(2014), the green and orange Si IV profiles of EB-2 differ
between the two lines.
The Dopplershift patterns are again consistent between the

different unveiled diagnostics. All samples of the lower part
(red, orange, green) show redshifts domination, while the
samples of the upper part (blue, cyan, violet) show single
blueshifted peaks, although with redward profile tails. Most
profiles show ragged tops. Such core raggedness is further
discussed in Section 4.
The Ni II blends at 1393.32 Å in the stronger Si IV line and at

1335.20 Å between the C II lines are very pronounced in all but
the red samplings. The Fe II blends at 1403.10 Å and
1403.26 Å in the red wing of the weaker Si IV line are present
in the lower orange and greensamplings, and weakly in the
final uppervioletsampling. These blends generally show
blueshifts, which are larger in the orange than in the subsequent

Figure 8. CRISP and IRIS spectra of EB-2 at the marker positions in Figure 6, with the same color coding. The red and blue profiles were taken at 07:47:38 UT, the
orange and cyan profiles at 07:56:14 UT, and the green and violet profiles at 08:04:45 UT. The format is the same as for Figure 4, except that the Hα panel is
compressed in wavelength to make place for wider Si IV 1394 Å profiles conserving their Doppler velocity scale.
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outward source function decline and a corresponding central
profile dip that is commonly called self-absorption. Such dips
are seen in the C II lines and also in the Mg II triplet lines.
However, their peak heights and asymmetries correspond very
well to the Si IV profiles. Their peaks rise in concert and the
higher peak of each profile is on the side to which the
Si IV peaks are shifted. This good correspondence also suggests
that these peaks sampled EB-1 without obscuration from
overlying fibrils. The latter caused only the central dips because
these show no Dopplershifts. Since the outer wings still show
about similar intensities as a function of wavelength separation
from the line centers, the peaks and wings seem to sample the
EB in an optically thick fashion (otherwise they would also
differ a factor of two, the transition probability ratio). For an
optically thick feature the profiles represent Eddington–Barbier
mapping of the source function at monochromatic optical depth

1t =l . In this case the different Dopplershifts of the upper and
lower parts of EB-1 affect the optical depth scaling and produce
the peak asymmetries. Thus, these unveiled IRIS diagnostics
provide both thin and thick EB sampling.

The final features of interest in Figure 4 are the line blends.
The Si IV and C II lines are too narrow to reach the nearby
Fe II and Ni II lines (rest wavelengths indicated by dashed
vertical lines), but the blue wing of Mg II k and the raised
overlapping wings between h & k contain strong
Mn I absorption blends at 2795.64, 2799.09, and 2801.91 Å in
the redsampling of the lower part(best seen byzoomingin).
They are weak or absent in the other samplings. We attribute
them to foreground upperphotosphere gas crossed by the
slanted line of sight toward EB-1 that is not part of the
phenomenon and indeed imparts no obvious Dopplershift. A
line of sight to the lower part then passes through the
Mn I formation layer, while a line of sight toward the upper
part catches lessor none of it.

The Mn II blend at 2794.72 Å appearswith interesting pro-
files: as a self-reversed line in the red sampling of the lower
part, absent in theblue sampling of the upper part, but
appearing with a blue-peaked profile similar to the Mg II triplet
lines at 2798.82 Å in the laterviolet sampling of the upper part.
This similarity indicates sampling of the EB itself.

In summary, the IRIS diagnostics provide an informative,
understandable, and self-consistent view of EB-1 that fits very
well with our earlier EB descriptions. EB-1 appeared as a
photospheric below-the-fibrilar-canopy heating event with
upward progression with time, larger heating higher up, and
unmistakable bi-directional jet signature.

Are these EB spectra similar to the IB spectra of Peter et al.
(2014)? While the C II and Si IV lines do show brightening, also
with bi-directional Dopplershift signatures, their wings are not
extravagantly wide. This may be a matter of timing. It is a pity
that IRIS did not sample its aftermath, as is demonstrated by the
next example.

3.2. Details for EB-2

EB-2 was sampled in IRIS spectroscopy during a longer
period, but only intermittently due to the slow raster repeat at
8.6-minute cadence. Figures 6–8 display results for EB-2 in the
same format as Figures 2–4. This EB had the advantage that it
appeared aligned along the IRIS slit, so that its top and bottom
were spectroscopically sampled at the same time in each row of
Figure 6. The alignment was fortuitous since EB-2 was tilted

considerably away from the local vertical in its azimuthal
orientation (angle with the arrow in the first panel of Figure 6).
Inspection of the SST Hα sequences showed an unmistak-

able large, repetitive EB flame. EB-2 was already present at the
start of the SST observations at 07:47 UT, quickly brightened,
and remained nearly continuously present in the AIA image
and IRIS slitjaw sequences until 08:29 UT. These image
sequences and the corresponding light curves in Figure 7
suggest that there was also preceding EB activity during
15minutes before the SST start. A longer-duration AIA
1700 Å sequence suggests strong repetitive EB activity at the
same locationfrom 06:36 UT onward. The HMI magnetogram
sequence shows very fast streaming with an extended patch of
white polarity running into a fairly large patch of black polarity

Figure 6. Time evolution of EB-2 in the format of Figure 2, except that the red
and blue contours in the first column are based on CRISP Fe I 6302 Å Stokes V
data (thresholded at ±450 counts). In each panel the pair of pixel markers
specifies the sample locations of simultaneously recorded spectra shown in
Figure 8. The temporal separation between rows is about eight minutes, larger
than in Figure 2. It corresponds to successive IRIS rasters.

Figure 7. Light curves for EB-2 in the format of Figure 3. In this case, the
integration aperture had a diameter of 3.5 arcsec (1.5 times the maximum
diameter of the Hα EB detection contour), as indicated in the first panel of
Figure 6. The three dashed vertical lines correspond to the sampling times of
the three rows in Figure 6. There are corresponding dips in the lower three
curves from the slit presence over the feature.
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Vissers et al. (2015, ApJ 812)

absorption features are typically blueshifted
by ~5 km/s (table S1). The presence of absorp-
tion features superimposed on emission lines
implies that cool material is stacked on top of
hot material.
These observations are compatible with the

following scenario (Fig. 4): Similar to another
observationally motivated scenario (17) and 3D
models for Ellerman bombs (18, 19), serpentine
magnetic field lines form in the process of flux
emergence, which produce magnetic dips in the
photosphere (20, 21). The corresponding oppo-
site polarities at the bomb locations are clear
(Fig. 1 and movie S1; see also supplementary
text S2). The resulting U-loop is dragged down
by the mass it accumulated (22, 23), and in the
upper part of the U shape, the magnetic field
reconnects. In response to the explosion caused
by reconnection, the plasma in the photosphere
is heated to almost 100,000 K, and a bidirec-
tional flow channeled by the magnetic field is

SCIENCE sciencemag.org 17 OCTOBER 2014 • VOL 346 ISSUE 6207 1255726-3

Fig. 3. Spectrum of a hot explosion. High-up and downward velocities and cool overlying plasma can be seen in the spectrum of bomb 1 (in a single
spatial pixel in the middle of the diamond marked “1” in Fig. 1). Wavelengths and labeling are identical to those in Fig. 2. The thin red lines show a Si IV
composite spectrum plotted over the C II, Si IV, and Mg II lines (shifted to the respective rest wavelength and scaled in radiance to roughly match the C II
and Mg II lines). The statistical errors in spectral radiance are 0.5 × (DN per pixel)1/2 in the far ultraviolet channels (top and middle row) and 0.24 × (DN
per pixel)1/2 in the near ultraviolet channel (bottom row).

Fig. 4. Scenario for the
hot explosions, or
bombs. Cartoon of the
bomb scenario. An
undulating magnetic field
line emerges, and the
resulting U-loop gets
dragged down. Being
squeezed together, the
magnetic field reconnects,
and plasma is heated
and accelerated deep in
the atmosphere. The
bidirectional outflow from
the reconnection region
causes the double-humped
line profiles of Si IV, C II, and
Mg II, whereas the cool
material above (white
hashed area) causes the
absorption lines.
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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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Figure 6. Overall field-line topology and the onset of an EB, UV burst, and a small chromospheric flare. (a)Selected fieldlines showing the serpentine field at
t=9160s. Yellow and red fieldlines have been traced from the areas highlighted by the black insets (left and right, respectively). The image shows the distribution
of vertical velocity at the photosphere (red color indicates downflowing material). (b)–(c)Close-up of the field lines, which have been traced from within the left inset
in (a), at t=8800s (b) and t=9160s (c). They are colored according to the value of the temperature. The arrows show the projection of the full magnetic field
vector at x=8.4 Mm. The horizontal (dashed) line shows the photosphere. The localized temperature enhancement, just above z=0Mm and y≈3.5 Mm,
illustrates the location of the EB. (d)–(e)Emergence of Ω-loops, out of the serpentine fieldlines ((d), t = 7870 s), leads to expansion and reconnection at the
chromosphere ((e), t = 7930 s) and the triggering of a UV burst. The downward-released reconnected field lines build an arcade anchored in the photosphere. The
chromospheric plasma at, and close to, the reconnection site (e.g., at the top of the arcade, y = 4.7 Mm, z = 1.3 Mm) is heated to high temperatures, triggering a UV
burst. The horizontal slice shows the Bz distribution at the photosphere (white (black) shows positive (negative) Bz, in the range of [−103, 103 G]). The arrows show
the full magnetic field vector at x≈8 Mm. (f)–(g)Close-up of the field lines, which have been traced from within the right inset in (a), at t=8800s (f) and
t=9250s (g). The arrows show the projection of the full magnetic field vector at x≈6 Mm. The two horizontal (dashed) lines show heights at z=1.75 Mm and at
z=0Mm. Nearby emerging loops come into contact and reconnect in a similar manner to the UV burst case. Energy release occurs at the upper chromosphere
(around z = 1.8 Mm, y = 13 Mm), where plasma is less dense, leading to profound plasma heating (106 K) and the onset of a small chromospheric flare.
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Figure 6. Overall field-line topology and the onset of an EB, UV burst, and a small chromospheric flare. (a)Selected fieldlines showing the serpentine field at
t=9160s. Yellow and red fieldlines have been traced from the areas highlighted by the black insets (left and right, respectively). The image shows the distribution
of vertical velocity at the photosphere (red color indicates downflowing material). (b)–(c)Close-up of the field lines, which have been traced from within the left inset
in (a), at t=8800s (b) and t=9160s (c). They are colored according to the value of the temperature. The arrows show the projection of the full magnetic field
vector at x=8.4 Mm. The horizontal (dashed) line shows the photosphere. The localized temperature enhancement, just above z=0Mm and y≈3.5 Mm,
illustrates the location of the EB. (d)–(e)Emergence of Ω-loops, out of the serpentine fieldlines ((d), t = 7870 s), leads to expansion and reconnection at the
chromosphere ((e), t = 7930 s) and the triggering of a UV burst. The downward-released reconnected field lines build an arcade anchored in the photosphere. The
chromospheric plasma at, and close to, the reconnection site (e.g., at the top of the arcade, y = 4.7 Mm, z = 1.3 Mm) is heated to high temperatures, triggering a UV
burst. The horizontal slice shows the Bz distribution at the photosphere (white (black) shows positive (negative) Bz, in the range of [−103, 103 G]). The arrows show
the full magnetic field vector at x≈8 Mm. (f)–(g)Close-up of the field lines, which have been traced from within the right inset in (a), at t=8800s (f) and
t=9250s (g). The arrows show the projection of the full magnetic field vector at x≈6 Mm. The two horizontal (dashed) lines show heights at z=1.75 Mm and at
z=0Mm. Nearby emerging loops come into contact and reconnect in a similar manner to the UV burst case. Energy release occurs at the upper chromosphere
(around z = 1.8 Mm, y = 13 Mm), where plasma is less dense, leading to profound plasma heating (106 K) and the onset of a small chromospheric flare.
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Figure 4. Synthetic line profiles from fourselected UV bursts, as seen from straight above, showing Hα (first column), the Mg II h line, Mg II triplet lines
(middle columns), and Si IV 139.3744nm (fourth column), including theNi II 139.3324nm line located 93kms−1 bluewardof the Si IV line center. Each
row represents a different event. The red line shows the UV burst spectraandthe black lines show the average profiles of the entire simulation snapshot, while the blue
lines show average spectra in the vicinity of the UV burst.
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“Unresolved Fine Structure” loops

SOLAR PHYSICS

The unresolved fine structure
resolved: IRIS observations of the
solar transition region
V. Hansteen,1* B. De Pontieu,1,2 M. Carlsson,1 J. Lemen,2 A. Title,2 P. Boerner,2

N. Hurlburt,2 T. D. Tarbell,2 J. P. Wuelser,2 T. M. D. Pereira,1 E. E. De Luca,3 L. Golub,3

S. McKillop,3 K. Reeves,3 S. Saar,3 P. Testa,3 H. Tian,3 C. Kankelborg,4 S. Jaeggli,4

L. Kleint,5,2 J. Martínez-Sykora5,2

The heating of the outer solar atmospheric layers, i.e., the transition region and corona, to
high temperatures is a long-standing problem in solar (and stellar) physics. Solutions
have been hampered by an incomplete understanding of the magnetically controlled
structure of these regions. The high spatial and temporal resolution observations with
the Interface Region Imaging Spectrograph (IRIS) at the solar limb reveal a plethora of
short, low-lying loops or loop segments at transition-region temperatures that vary rapidly,
on the time scales of minutes. We argue that the existence of these loops solves a
long-standing observational mystery. At the same time, based on comparison with
numerical models, this detection sheds light on a critical piece of the coronal heating puzzle.

T
he outer solar atmosphere between the
104 K chromosphere and the 106 K corona,
the so-called transition region, has long
puzzled solar physicists (1). It has been dif-
ficult to reconcile measured intensities and

motions, either directly observed or inferred from

spectra, with models of the energy and mass
exchange between the cooler chromosphere and
hot corona. For one, the observed intensities of
lower transition-region lines are much greater
than can be accounted for by thermal conduc-
tive flux flowing back from the corona. Fur-
thermore, lower transition-region lines show,
on average, Doppler redshifts on the order of
10 km/s (1), one-third the speed of sound. Based
on indirect spectroscopic evidence from High-
Resolution Telescope Spectrograph (HRTS) and
Skylab spectra, it was already postulated in 1983
that the dominant emission from lines formed
in the transition region occurs in structures mag-
netically isolated from the corona called the
“unresolved fine structure” (UFS) (2–5). However,
the following decades have not brought con-

sensus that the UFS has been directly observed,
nor indeed that it contributes to an important
extent to transition-region emission (6–10). As
a result, our understanding of coronal heating
has not advanced substantially.
We exploit the high spatial and temporal res-

olution of the recently launched Interface Re-
gion Imaging Spectrograph (IRIS) satellite to
reveal structures remarkably similar to those
postulated to comprise the UFS. Images of the
lower transition region at the solar limb with
the IRIS slit-jaw camera (11) in the Si IV 1400 Å
filter or in the C II 1330 Å filter invariably show
bright low-lying loops or loop segments in quiet
Sun regions (Fig. 1 and movies S1 and S2). In ad-
dition to these bright structures, a much fainter
component forms a background that extends
up to 10 arcsec above the limb. The background
includes a large number of linear structures, with
properties similar to the well-known spicules
observed from the ground in the Ha 656.3-nm
line. Here, we concentrate on the brighter loop-
shaped objects that appear to be magnetically
isolated from the corona and are at transition-
region temperatures.
Viewing the same limb with the Solar Dynam-

ics Observatory Atmospheric Imaging Assembly
(SDO/AIA) instrument (12) in the 304 Å channel
(which is dominated by He II, at 100,000 K) and
the coronal 171 Å (Fe IX/X at ~106) and 193 Å (Fe
XII at ~1.5 106 K) channels (13), we do not clearly
observe UFS-related structures (Fig. 1 and movie
S3). This is for two reasons: (i) the AIA spatial
resolution is insufficient to resolve the structures
discussed here, and (ii) bound-free absorption
by neutral hydrogen and singly ionized helium
renders the AIA opaque to extreme ultraviolet
emission, thereby shielding the lower transition
region and making the UFS nearly invisible.
One of the most striking features of UFS loops

is temporal variability. Isolated UFS loops light
up, either partially or wholly, and show large
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Fig. 1. IRIS Si IV 1400 Å slit jaw images reveal highly dynamic, low-lying loops at transition-region temperatures. (A) UFS loops on the western
solar limb. The slit is evident as a dark line near solar-x = 971 arcsec. (B) The same field of view is shown, but with SDO/AIA images: the coronal 171 Å
(blue) and 193 Å (green) filters (movie S3 shows the same field of view, but with the AIA He II 304 Å filter). The rapid evolution of the UFS in three ROIs is
demonstrated in the small panels on the right side of the figure. The time of each exposure (hour:minute:second) is indicated at the top of the panels.

changes on scales down to the shortest cadence
data inspected so far (every 4 s), examples of
which are shown in region of interest (ROI) 2 and
ROI 3 of Fig. 1. On the other hand, a system of
loops, in which individual loops vary from ex-

posure to exposure, can remain recognizable as a
system over periods extending to several tens of
minutes. The temporal evolution of the three re-
gions of interest are shown in Fig. 1 (more loops
are displayed in fig. S1). ROI 1 was observed with

a cadence of 54 s and is an example of a fairly long-
lived “nest” of loops that remains active during
the entire 40-min span that the observations lasted.
Movies S1, S2, and S3 show these nests to be com-
posed of many loops with more or less cospatial
footpoints that light up and darken episodically.
Fully formed loops are seldomseen. Rather, loops

appear to be lit up in segments, with each seg-
ment only being visible for roughly aminute. There
is also a tendency for the UFS loops to appear to
rise with time, as can be seen in ROI 2 (Fig. 1).
We find that the UFS loops have a full length

of 4 to 12 Mm (106 meters), a maximum height
of 1 to 4.5 Mm with an average of 2.5 Mm, and a
median intensity in data numbers per second of
40 to 50 DN/s (Figs. 2) (14). This intensity is
larger than the measured intensity of the back-
ground “spicules”—longer nearly radial features—
of 15 DN/s, which is also apparent from visual
inspection of Fig. 1. Although the detailed fill-
ing factor of either component is not well known
(given the superposition at the limb and their
limited visibility on the disk), it is clear that both
resolved components have an important role in
the lower transition-region emission, with the rel-
ative contribution dependent on the local mag-
netic field topology.
By aligning the slit along the limb, IRIS also

allows one to gather spectral data of the UFS
(example in Fig. 3). The spectrum shows large
excursions as a function of position along the
loop, implying large plasma velocities, toward
the red as well as toward the blue. We find extreme
line profiles at the upper loop footpoint—the
portion of the loop that meets the underlying
atmosphere—during the entire 200-s lifetime of
the UFS loop, with redward excursions of 70 to
80 km/s. This is two to three times the speed of
sound in a 80,000 to 100,000 K plasma. We
observed the spectral properties of several UFS
loops and find that such high velocities occur
often, although not always. This indicates that
the UFS loops are locations of episodic and
violent heating.
How can we put these observations into the

context of coronal heating models and the struc-
ture of the upper solar atmosphere? Models that
assume most transition-region emission stems
from loops connected to the corona, and there-
fore whose temperature structure is maintained
by thermal conduction, lead to predicted inten-
sities much smaller than those observed. Alter-
native models propose the existence of low-lying
cool loops (15–17), but these static models cannot
be reconciled with the highly dynamic loops
we observe here. Guidance comes from three-
dimensional (3D) modeling: Low-lying, episod-
ically heated loops that seldom or never reach
coronal temperatures naturally arise in 3D
models and predict (18–20) highly dynamic
spectral lines originating in the lower transition
region. Thus, several properties of UFS loops are
remarkably similar to those found in recent re-
alistic 3D models spanning the convection zone to
the corona.
The typical loop height of the brightest cool

loops that spontaneously arise in 3D simulations

1255757-2 17 OCTOBER 2014 • VOL 346 ISSUE 6207 sciencemag.org SCIENCE

0 2 4 6 8 10 12
Apparent Length [Mm]

0.00

0.05

0.10

0.15

0.20

0.25

F
re

qu
en

cy

2 4 6 8 10 12 14 16
Projected Full Length [Mm]

 

 

 

 

 

 

0 2 4 6
Maximum Height above Limb [Mm]

0.00

0.05

0.10

0.15

0.20

0.25

F
re

qu
en

cy

0 20 40 60 80 100 120
Median Intensity [DN/s]

 

 

 

 

 

 

Fig. 2. UFS loops are short, bright, and low-lying. Properties of 85 UFS loops taken from a limb
observation data set: (A) apparent length of the visible loop segments, (B) projected full length along
loop, (C) maximum height, and (D) median intensity of the visible loop segments. The intensity
measured for the dimmer “spicular” background is shown with a dashed line.
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Fig. 3. UFS loops display large, rapidly evolving Doppler shifts and nonthermal velocities. (A) The
slit position along the limb (SJI 1400 Å). (B) The corresponding spectral scans of the Si IV 1393 Å line
are shown as a function of position along the slit and as a function of time at the location of the UFS loop
footpoint (D) located at 6.6 arcsec. In (B) and (D), the dashed white and orange lines show the locations
of the footpoints. (C) The corresponding line profiles at these footpoint locations (540 s) are shown in
solid and gold dashed curves, respectively.
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Hansteen et al. (2014, Science 6207)

however, suggest that we are already close to resolving them
with current instruments, and that they have spatial scales of a
few hundred kilometers (Brooks et al. 2012, 2013). A few
hundred kilometers seems to be a common scale for many solar
atmospheric structures, from Type II spicules (Pereira
et al. 2012) to “coronal rain” condensations (Antolin &
Rouppe van der Voort 2012), flaring and post-flare loops
(Cirtain et al. 2013; Jing et al. 2016), and even prominence
threads (Okamoto et al. 2007). So, if correct, the challenge
becomes how to convert the small-scale energy release into this
typical preferred size.

Here we present new measurements of the spatial scales of
the UFSs. We also use the observed lifetimes, half-lengths, and
peak intensities as input to numerical hydrodynamic simula-
tions of the cooling times of the UFS. By comparing the model
with the IRIS data, we conclude that the observed lifetimes are
consistent with a simulation of a single thread, suggesting that
they may be spatially resolved.

2. OBSERVATIONS

De Pontieu et al. (2014) describe IRIS in detail. Here we only
use Si IV 1400Å slit-jaw images. The data were obtained
between 2013 December 9 and 2014 January 7 using the IRIS
observing ID 3800259453, which takes 8 s exposures of a 120″
by 129″ field of view and was run near the solar limb where it
is relatively easier to identify UFSs. The spatial pixel size is
0 167. The data have been processed, calibrated, and coaligned
to level-2 and were obtained from the search facility at
Lockheed Martin.

We examined ∼5 hr of observations and visually identified
108 UFS. Many of them brighten only partially, or the
brightenings move along the loop, or the UFSs themselves
move rapidly and change dimensions. So there may be some

selection bias towards UFSs that are visually prominent and
relatively easier to isolate from surrounding features. During
our study, however, our analysis techniques were developed to
better handle structures that are moving or changing shape.
To measure the UFS intensities and widths we used the same

procedure as used in our earlier work on coronal loop
properties (Warren et al. 2008; Brooks et al. 2012, 2013).
The method is based on the work of Aschwanden et al. (2008),
and extracts the cross-UFS intensity profile by interpolating
along the structure within a selected segment, straightening it,
and averaging the intensities along the UFS axis. A first-order
polynomial is then fit to the background between two selected
positions in the intensity profile, and a Gaussian fit is made to
the background subtracted profile. The UFS intensity and width
(σW) are then the area and width of the Gaussian, respectively.
Examples are shown in Figure 1.
The same segment, UFS axis, and background definitions are

then used to extract the intensities for every image in the data
cube in order to prepare a light curve for measuring the
lifetimes. As mentioned, there is a problem here if the UFSs are
moving or changing dimensions, because the selected axis may
not be co-located with the structure at all times. This issue also
sometimes occurs for UFS that are long-lived because the IRIS
coalignment can be affected by spacecraft pointing drift while
observing the limb. The automatic coalignment procedure and
post-processing by cross-correlation do not always fully correct
for this because they tend to lock-on to the slit portion and
fiducial marks in the slit-jaw images. To mitigate this problem,
we allow for dynamic movement of the selected background
positions in the cross-UFS intensity profile. Since these
movements are always smaller than the range of the
perpendicular segment, the averaged profile includes the UFS
even if it has moved, and the dynamic movement of the

Figure 1. Example UFS segments. Top row: IRIS slit-jaw images (SJI) with the loop segments highlighted in yellow. These images have been sharpened with a
Gaussian filter. Bottom row: cross-field normalized intensity profiles (solid histogram) with Gaussian fits (blue solid line) and backgrounds (blue dotted line) overlaid.
The Gaussian width in IRIS pixels and kilometers is shown in the legend. The interpolated data have been resampled to show the instrument pixel scale.
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• No obvious heating of 
chromosphere

• Inverse-Y shape in 
chromosphere of some 
loops

• Absence of thermal 
coupling also important



Summary 1/2
• Multi-thermal diagnostics from IRIS and other 

observatories reveals violent heating history

• Constrains for models of spicule formation

• MHD simulations with ambipolar diffusion big step 
forward towards first-principle models of spicules

Spicules

Coronal rain
• Multi-thermal diagnostics show significant cooling 

from TR to chromosphere, until clumps reach surface

• Some plasma still co-exists at coronal temperatures

• Very thin layer separating chromosphere from TR

The Astrophysical Journal Letters, 791:L1 (6pp), 2014 ??? Pereira et al.

hole was visible), and the time series duration was 91 minutes.
The IRIS field of view was centered at (x, y ) = (6.′′7,−965.′′5).

We made use of IRIS calibrated level 2 data (for details on
the reduction see De Pontieu et al. 2014). The SOT images were
reduced using the same procedure as in Paper I. For AIA we used
calibrated level 1.5 images (see Lemen et al. 2012). In all IRIS
and SOT filtergrams shown we applied a radial density filter
(see De Pontieu et al. 2007) to enhance the visibility of spicules.
The IRIS, SOT, and AIA spatial resolutions are approximately
0.′′33, 0.′′2, and 1.′′5, respectively. The SOT and AIA images were
aligned and interpolated to the IRIS pixel size of 0.′′166 pixel−1.

Additionally, we make use of a very large dense raster
observed with IRIS at the solar north pole on 2013 October 9 at
13:10 UT. This raster has 400 positions observed with a spatial
spacing of 0.′′35 and a cadence of 9 s. The raster covered about
140′′ × 175′′ and took 1 hr to complete. The spacecraft orbital
velocity and spectrograph thermal drifts were compensated by
fitting the position of the Ni i 279.947 nm line and subtracting
its long-term trend from the signal.

3. RESULTS

3.1. Morphology

In Figure 1 we show a comparison between the IRIS, SOT,
and AIA filtergrams. The Mg ii k spicules are seen as a natural
upward extension of the Ca ii H spicules. They are consistently
taller and in several cases twice as tall. The Si iv spicules show a
continuation of the Mg ii spicules and expand even farther. From
the lower panel of Figure 1 one can see that the Si iv spicules
extend just above the Mg ii spicules virtually everywhere. Even
accounting for the different spatial resolution, the IRIS spicules
are broader and more nebulous than in SOT, where individual
spicule “strands” are seen more clearly.

Only the longest spicules are seen in the He ii 30.4 filter,
because it is opaque in higher layers that obscure the shorter
spicules. He ii spicules extend just above the Si iv spicules and
their shape is blurrier, partly because of the lower spatial reso-
lution, and presumably in part because of the more complicated
radiative transfer.

Many of the Si iv spicules have a much darker bottom third
or half, with the top part of the spicule noticeably brighter.
This is not generally seen in Mg ii or Ca ii, and indicates that
the bottom part of several spicules may not be hot enough to
have significant Si iv emission. This is clearly shown in the top
panels of Figure 1 (and in the space-time diagrams of the same
spicule A in Figure 3). Here, the Si iv emission occurs primarily
in the top half of the spicule, a situation that is relatively
common.

3.2. Time Evolution

The spicules observed were mostly of type II, showing a fast
rise (>50 km s−1) and then fading from the Ca ii H filtergrams.
In the IRIS filtergrams they have a similar upward velocity but
continue to rise after they fade in Ca ii, reaching heights up to
20 Mm above the limb and often falling down later in a parabolic
motion. In several cases this rise and fall is also seen in the He ii
30.4 nm filtergrams. In Figure 2 we show one such event where
a spicule fades in Ca ii but continues to evolve in the IRIS and
AIA filters. This suggests that such spicules are being heated
out of the Ca ii passband, and continue evolving reaching higher
layers and temperatures. This extended evolution leads to longer
spicule lifetimes in the IRIS images, typically 500–800 s.
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Figure 1. Quiet Sun spicule images from 2014 February 21, for two of IRIS
slit-jaw filtergrams, SOT Ca ii H filtergrams, and the AIA He ii 30.4 nm channel.
Top four panels: observations at 11:42:11 UT, dotted line is the region used to
build the space-time diagram for spicule A in Figure 3. Middle panel: color
composite of observations at 12:19:31 UT, where the red channel corresponds
to the IRIS Mg ii k filtergram and the green and blue channels (cyan color) to
the SOT Ca ii H filtergram. The dotted line is the spicule axis (at this instant)
used to build the diagram for spicule B in Figure 3. Bottom panel: composite
image using the IRIS Mg ii k and Si iv filtergrams, for the same instant as the
middle panel and a larger field. The dotted rectangle denotes the field-of-view
of the middle panel.

(Animations and color version of this figure are available in the online journal.)

The spicule in Figure 2 is in fact a rare case of a type II spicule
that is observed to fall back down in Ca ii much later after it
fades. At t ≈ 512.7 s in the intensity and in the space-time
diagram it is possible to discern a faint trail from a descending
spicule, roughly at the same time when the spicule is observed
to fall back down by IRIS. With only the Ca ii images it would
be difficult to associate this falling material with the original
spicule, but taking into account the IRIS images it becomes
clear that this is most likely falling material that has cooled
down and therefore is visible again in Ca ii. In Figure 2 there
are further examples of the thermal evolution of spicules. In the
first frames the later stages of a different spicule are seen on the
left side of the IRIS and AIA panels, which had already faded

2

the previously stated reasons), we consider that this procedure
leads to a better approximation to the real rain population.

A striking feature shown by Animations 5 and 6 is that at
such low chromospheric heights the clumps appear signifi-
cantly less clumpy (their lengths increase) and the downward
flow becomes continuous and rather persistent. In order to
quantify this effect better we plot in Figure 13 a histogram of
clump detection weighted with their respective widths squared
at the two previously defined heights for loops 1 and 2. Not
only are the clumps in the corona detected at later times in the
chromosphere, but we also detect many more rain crossings at
those lower heights, indicating an increase in the rain flow with
decreasing height (46 and 145 clumps for C1 and F1,
respectively; 95 and 193 clumps for C2 and F2, respectively).
In Section 5.4 we discuss possible reasons for this increase in
clump occurrence at low chromospheric heights.

4.5. Strand-like Structure

As shown in Section 4.2, the presence of substructure in
coronal rain at high resolution is not only clear at chromo-
spheric temperatures such as those of Ca II H and SJI 2796 but
also at higher temperatures, such as those of SJI 1330 and SJI
1400. As shown in Figure 11, as the rain falls substructure is
observed to be organized along strands of various lengths but
rather similar widths. This is also observed in Animation 7 for
the rest of the rain in this event and in data set 1 at even higher
resolution. Indeed, at the highest resolution achieved in this
work (in Hα with CRISP) similar strand-like structure appears,
as shown in Figure 4 and Animations 3–6. Due to the very
dynamical nature of coronal rain it is not easy to discern the
strand-like structure traced in time by the rain. For this, we plot
in Figure 14 the time variance in a Doppler image in
H 0.6α ± Å over a time period of 22 min for loop 1 and its

Figure 11. Substructure for a rain shower in the rain event of data set 2. The shower corresponds to the head of the rain and is shown at three different times separated
by roughly 38 s from each other (shown in the rows) and for different wavelengths (shown in the columns). From left to right we have Hinode/SOT in Ca II H, IRIS/
SJI 2796, 1330, 1400, and SDO/AIA 304. The SJI and AIA snapshots correspond to those closest in time to the SOT snapshot in the first column of each row. The
time difference with respect to the first snapshot (top left panel) is indicated in the bottom of each panel.
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• Combining IRIS with Hα helps decode height of 
energy release site

• IRIS and co-observations provide constraints for 
models

• 3D MHD models have reproduced the spectral 
signatures of UV bursts and EB

UV bursts / Ellerman bombs

UFS loops
• IRIS discovery proposed to be the 

(previously) unresolved fine structure

• Combining IRIS with SST shows absence of hot 
chromosphere, loops seen mostly in Dopplergrams

• Suggests disconnect between TR/chromosphere, 
with some violent ejections possibly reconnection

A

2 Mm

t = 0 s 22 s 39 s 61 s 77 s 94 s 116 s 133 s 155 s 171 s

absorption features are typically blueshifted
by ~5 km/s (table S1). The presence of absorp-
tion features superimposed on emission lines
implies that cool material is stacked on top of
hot material.
These observations are compatible with the

following scenario (Fig. 4): Similar to another
observationally motivated scenario (17) and 3D
models for Ellerman bombs (18, 19), serpentine
magnetic field lines form in the process of flux
emergence, which produce magnetic dips in the
photosphere (20, 21). The corresponding oppo-
site polarities at the bomb locations are clear
(Fig. 1 and movie S1; see also supplementary
text S2). The resulting U-loop is dragged down
by the mass it accumulated (22, 23), and in the
upper part of the U shape, the magnetic field
reconnects. In response to the explosion caused
by reconnection, the plasma in the photosphere
is heated to almost 100,000 K, and a bidirec-
tional flow channeled by the magnetic field is
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Fig. 3. Spectrum of a hot explosion. High-up and downward velocities and cool overlying plasma can be seen in the spectrum of bomb 1 (in a single
spatial pixel in the middle of the diamond marked “1” in Fig. 1). Wavelengths and labeling are identical to those in Fig. 2. The thin red lines show a Si IV
composite spectrum plotted over the C II, Si IV, and Mg II lines (shifted to the respective rest wavelength and scaled in radiance to roughly match the C II
and Mg II lines). The statistical errors in spectral radiance are 0.5 × (DN per pixel)1/2 in the far ultraviolet channels (top and middle row) and 0.24 × (DN
per pixel)1/2 in the near ultraviolet channel (bottom row).

Fig. 4. Scenario for the
hot explosions, or
bombs. Cartoon of the
bomb scenario. An
undulating magnetic field
line emerges, and the
resulting U-loop gets
dragged down. Being
squeezed together, the
magnetic field reconnects,
and plasma is heated
and accelerated deep in
the atmosphere. The
bidirectional outflow from
the reconnection region
causes the double-humped
line profiles of Si IV, C II, and
Mg II, whereas the cool
material above (white
hashed area) causes the
absorption lines.
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Conclusions
• Multi-thermal plasma is ubiquitous

• IRIS in unique position to trace thermal history

• Combining IRIS with other observatories greatly increase 
diagnostic potential:

‣ Access to higher resolution, polarimetry, 
photosphere, corona

‣ Some phenomena defined from observations in other 
lines (e.g. spicules, EB, prominences)

• Forward modelling provides much-needed guidance to 
interpret complex observations

SST/CHROMIS

IRIS

AIA


