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resolved: IRIS observations of the
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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 difficult to reconcile measured intensities and
motions, either directly observed or inferred from
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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 conductive flux flowing back from the corona. Furthermore, 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 HighResolution 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 magnetically isolated from the corona called the
“unresolved fine structure” (UFS) (2–5). However,
the following decades have not brought con-

1

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 resolution of the recently launched Interface Region 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 addition 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 loopshaped objects that appear to be magnetically
isolated from the corona and are at transitionregion temperatures.
Viewing the same limb with the Solar Dynamics 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 regions of interest are shown in Fig. 1 (more loops
are displayed in fig. S1). ROI 1 was observed with
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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.

a cadence of 54 s and is an example of a fairly longlived “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 composed of many loops with more or less cospatial
footpoints that light up and darken episodically.
Fully formed loops are seldom seen. Rather, loops
appear to be lit up in segments, with each segment only being visible for roughly a minute. 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 background “spicules”—longer nearly radial features—
of 15 DN/s, which is also apparent from visual
inspection of Fig. 1. Although the detailed filling 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 relative contribution dependent on the local magnetic 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 structure of the upper solar atmosphere? Models that
assume most transition-region emission stems
from loops connected to the corona, and therefore whose temperature structure is maintained
by thermal conduction, lead to predicted intensities much smaller than those observed. Alternative 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 threedimensional (3D) modeling: Low-lying, episodically 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 realistic 3D models spanning the convection zone to
the corona.
The typical loop height of the brightest cool
loops that spontaneously arise in 3D simulations

insight into the otherwise difficult to observe
coronal heating mechanism. The episodic nature, height distribution, and high velocities of
UFS loops provide strict constraints on recent
3D models of the coronal heating problem. Further observations and more advanced modeling
of these loops are critical for determining the
relation between the topology of the magnetic
field in the photosphere and vigorous heating in
the outer atmosphere.
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Fig. 4. Episodic structures with properties similar to UFS loops arise in advanced 3D numerical
simulations. The synthetic line profile of the Si IV 1393 Å line (top) and the corresponding synthetic
intensity images of the solar limb (bottom) are shown.The dashed white line in the lower panel shows the
location sampled for the synthetic spectrum. The resolution of the intensity images has been degraded to
the IRIS spatial resolution of 0.33 arcsec. Movie S4 shows the temporal evolution of this simulation.

(Fig. 4) is less than 4 Mm above the photosphere.
The lifetime of individual “strands,” or loops,
that maintain plasma in the temperature range
required for emission in the Si IV line is a few
hundred seconds or less. Both of these properties
are very similar to what is observed. However,
Doppler velocities measured at the origin of the
line profile show line-of-sight velocities on the
order of 20 to 30 km/s, which is less than that
reported for our observations.
Why do these loops form? Heating in the upper chromosphere and corona will proceed along
and be guided by the loop magnetic field. This
could occur either through the dissipation of
waves or through the dissipation of stresses built
up as a result of footpoint motions (21). Whereas
long loops lose energy through thermal conduction, shorter loops are denser at their apices and
will therefore lose energy efficiently through radiative losses, which scale as the density squared
[e.g., (18, 19, 20)]. The cooling time of low-lying
loops is short (a few minutes or less), and a reduction in the heating rate ensures rapid cooling.
At heights of 5 Mm or less above the photosphere,
these models therefore predict short low-lying
loops that are episodically heated to ~500,000 K
or less. The loops cool rapidly thereafter rather
than being heated to coronal temperatures.
The discrepancy between observed and modeled velocities could be an indication that the
models correctly predict the spatial distribution and episodic nature of the heating in the
corona, but the detailed nature of the heating
mechanism may not be exactly reproduced. The
spatial distribution of loops is largely independent
of the heating mechanism and is instead set by
the structure of the field. We thus expect low-lying

loops to occur in any realistic 3D model. However, the temporal properties of the loop emission
or Doppler velocities are a direct result of the
heating process, and comparison of synthesized
and observed data could validate a given model.
What sets the low height of the observed
loops? It is likely that these dynamic small-scale
loops in the low solar atmosphere are associated
with ubiquitous weak magnetic field in the solar
photosphere (22–24). These continuously emerging weak fields occur on granular scales, with
opposite polarities separated by a few Mm. Our
observations of the low loop heights and the sometimes persistent “nests” of loops are fully compatible with theoretical predictions. If such weak
fields are present, they should form a multitude
of dynamic low-lying loops (16), especially when
they interact with the strong magnetic field in
the quiet Sun network (25). The apparent rise of
some of the observed loops is likely caused by the
emergence of the loops into the atmosphere (26).
Based on their properties, and in comparison
with 3D models, we conclude that the short lowlying loops observed with IRIS constitute a set
of low-lying magnetic structures whose plasma
is episodically heated. The thermal properties
of these loops are determined by their high
density, which causes efficient radiative cooling and thus prevents the occurrence of coronal
temperatures. Higher-lying loops are presumably heated in much the same way, but with
radiative losses that are much less efficient at
lower densities, and temperatures must rise to
> 1 MK to balance heating with losses due to
thermal conduction. By revealing the existence
and properties of these previously unresolved
fine-structured loops, we have obtained direct
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