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Abstract

The O I 1355Å spectral line is one of the only optically thin lines that are both routinely observed and thought to
be formed in the chromosphere. We present an analysis of a variety of observations of this line with the Interface
Region Imaging Spectrograph (IRIS), and compare it with other IRIS diagnostics as well as diagnostics of the
photospheric magnetic field. We utilize special deep exposure modes on IRIS and provide an overview of the
statistical properties of this spectral line for several different regions on the Sun. We analyze the spatiotemporal
variations of the line intensity and find that it is often significantly enhanced when and where magnetic flux of
opposite polarities cancel. Significant emission occurs in association with chromospheric spicules. Because of the
optically thin nature of the O I line, the nonthermal broadening can provide insight into unresolved small-scale
motions. We find that the nonthermal broadening is modest, with typical values of 5–10 km s−1, and shows some
center-to-limb variation, with a modest increase toward the limb. The dependence with the height of the intensity
and line broadening off-limb is compatible with the line broadening being dominated by the superposition of
Alfvén waves on different structures. The nonthermal broadening shows a modest but significant enhancement
above locations that are in between photospheric magnetic flux concentrations in plage, i.e., where the magnetic
field is likely to be more inclined with respect to the line of sight. Our measurements provide strict constraints on
future theoretical models of the chromosphere.

Unified Astronomy Thesaurus concepts: Solar chromosphere (1479); Solar transition region (1532); Solar magnetic
fields (1503)

Supporting material: animations

1. Introduction

The solar chromosphere is a highly dynamic and finely
structured region of the solar atmosphere that is sandwiched
between the visible surface or photosphere and the million-
degree outer atmosphere or corona. All nonthermal energy that
drives the solar wind and the heating of the corona traverses
this critical region. Moreover, despite the only modest
enhancement of the chromospheric temperature compared to
that of the photosphere, it requires several orders of magnitude
more nonthermal energy to drive the dynamics and energetics
of the chromosphere than the rest of the solar atmosphere
combined. This is because of the high chromospheric densities:
the chromosphere contains more mass than the region
stretching from the transition region to the edges of the
heliosphere. Despite its obvious importance, it is relatively
poorly understood, with many open questions remaining
regarding the physical processes that drive the dynamics and
energetics in the chromosphere (Carlsson et al. 2019).

One of the main reasons for our limited knowledge is the lack
of unambiguous diagnostics. Most spectral lines that emanate
from the chromosphere are optically thick and are subject to non-
LTE radiative transfer effects such as scattering, partial frequency
redistribution, etc. (e.g., Leenaarts et al. 2013a, 2013b). In
addition, nonequilibrium ionization plays a key role in the

chromosphere and some chromospheric diagnostics (e.g.,
Carlsson & Stein 2002; Golding et al. 2014, 2016, 2017;
Leenaarts et al. 2016). This renders their interpretation difficult
and dependent on inversion techniques that often suffer from
limiting assumptions and/or nonuniqueness, despite major
advances in techniques (de la Cruz Rodríguez et al. 2016; Sainz
Dalda et al. 2019). One of the few spectral lines that are optically
thin and formed in the chromosphere is the O I 1355.598Å
intersystem line (2s2 2p3 3s 5S2− 2s2 2p4 3P2), hereafter called
the O I 1355Å line. It is routinely observed with the Interface
Region Imaging Spectrograph (IRIS, De Pontieu et al. 2014). Lin
& Carlsson (2015) performed an analysis of the formation of this
line in an advanced numerical simulation calculated with the
Bifrost code (Gudiksen et al. 2011) and demonstrated that the line
formation is optically thin.
In this paper, we provide an overview of observational

findings with IRIS related to the O I 1355Å line. We describe
the observations and analysis techniques of the spectral line
profiles in Section 2. We then describe the statistical properties
and center-to-limb variation in the intensity and line broad-
ening for various solar targets in Section 3. We also describe
how the properties of O I 1355Å are impacted by flux
cancellation and the presence of flux concentrations in,
respectively, Sections 4 and 5. We finish with a discussion
and conclusions in Section 6.

2. Observations and Analysis Techniques

For the observational analysis, we used several different data
sets from IRIS. For all of these observations, we chose to use
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OBS-ID 3610091469 (for NOAA AR 12412), OBS-ID
3690092077 (for AR 12920), or 3690084078 (for the quiet
Sun; QS), in order to maximize the signal-to-noise ratio (S/N)
while maintaining high spectral resolution (to resolve the
narrow O I 1355Å line) by introducing long exposures (15 s for
AR 12412, 30 s for AR 12920, 60 s for QS), lossless
compression, and asymmetric summing (x2 summing spatially,
no summing spectrally). AR 12920 was followed over multiple
days in September 2015 (see Table 1), as the active region
(AR) crossed the disk. The field of view (FOV) of the
observations was 45″ ×120″ (AR 12412), 112″ ×175″ (AR
12920), and 140″ ×175″ (QS) with a spatial sampling of 0 35
by 0 33. The full detector was read out, i.e., three different
wavelength ranges covering wavelengths from, respectively,
1331.56–1358.40Å (FUV1), 1390.00–1406.79Å (FUV2), and
2782.56–2833.89Å (near-UV; NUV), with a spectral sampling
of 12.98 mÅ in FUV1, 12.72 mÅ in FUV2, and 25.46 mÅ in
NUV. The nominal spatial resolution of IRIS is 0 33 in the far-
UV (FUV) and 0 4 in the NUV. Note that as we used spatially
summed data, our spatial resolution along the slit is Nyquist
limited to twice the plate scale (0 66, i.e., 2 times 0 33). The
spectral resolution (FWHM) of IRIS is dominated by Nyquist
sampling, i.e., 5.7 km s−1 in both FUV and NUV.

To determine the first moments of the O I spectral line, we
used the following steps: 1. remove the impact of cosmic rays
on the detector (using the clean_exposure.pro code in
IDL SolarSoft), 2. remove the impact of fixed-pattern noise in
an extra dark current subtraction, 3. take the mean of 3x3 pixels
to increase the S/N. 4. apply a single Gaussian fit to the
spectral line profile in each location.

The second step of this procedure is nonstandard and is
therefore described in some detail here. The O I 1355Å line is
rather weak and especially the width determination is
influenced by errors in the dark level. We often see horizontal
stripes of increased width in the width maps. These stripes are
in the same location over some time and are caused by fixed
patterns in the dark level that are not removed in the standard
reduction pipeline. When a “hot” pixel is present at a location
in the wing of the O I line, a larger width results from the

Gaussian fit. We used the QS data set from the center of the
disk (2016-03-06T23:01:56) and formed a mean intensity,
I(y, λ) by taking the mean over scan position x of I(x, y, λ) for
all positions where the line core intensity was less than 15 DN.
This mean will still have an imprint of the spectral line. We
removed that by subtracting at each wavelength and pixel y the
mean over± 10 pixels. The fixed-pattern noise is not
completely fixed in time so this procedure makes the most
significant improvement to the width determinations for the QS
data sets, and not so much for the AR 12920 data sets. The
timescales on which the fixed pattern changes significantly
appear to be days to months. This issue and potential fixes in
the pipeline are currently being studied in more detail by the
IRIS calibration team.
The single Gaussian fit is made with three free parameters:

the maximum intensity, the Doppler shift of the profile, and the
width. A constant background is first determined from a mean
of the spectrum at blueshifts of between 200 and 40 km s−1

relative to the rest wavelength of the O I 1355Å line (a line-free
region of the spectrum). This constant background is subtracted
from the spectrum before the single Gaussian fit. The fit only
includes the spectrum between −40 and 40 km s−1 relative to
the rest wavelength of the O I 1355Å line, in order to avoid
influence from the C I line at 1355.843Å (corresponding to
54 km s−1 from the rest wavelength of the O I 1355Å line). A fit
is attempted for all pixels but the fit is judged unsuccessful if the
fitting algorithm (mpfitpeak.pro in IDL SolarSoft) does not
converge or the determined values are outside reasonable values
([0,1000] DN in maximum intensity, [−30,30] km s−1 in
Doppler shift, [2,30] km s−1 in width).
The reported line broadening is the 1/e half-width

(henceforth referred to as the 1/e width) as this provides the
most probable velocity, which is useful for interpretation in
terms of physical mass motions in the solar atmosphere. The
line width has several contributions: = + +w w w winst

2
th
2

nth
2 .

We note that the instrumental broadening winst in the FUV
channel of IRIS has been reported (De Pontieu et al. 2014)
as 25.85 mÅ (i.e., 5.7 km s−1) FWHM, which translates to
15.52 mÅ or 3.4 km s−1 1/e width. The thermal broadening wth

Table 1
All IRIS Observations Used in This Work

Start Date End Date Target OBS-ID Exp Solar x Solar y θ μ

(s) (arcsec) (arcsec) (deg) (cos θ)

2015-09-09T07:59:58 2015-09-09T10:56:08 AR 12412 3610091469 15 −449 −213 32 0.82–0.88
2015-09-23T00:09:43 2015-09-23T02:58:30 AR 12920 3690092077 30 −754 104 59 0.49–0.68
2015-09-23T20:22:31 2015-09-23T23:11:18 AR 12920 3690092077 30 −565 81 41 0.74–0.85
2015-09-24T17:22:13 2015-09-24T20:11:00 AR 12920 3690092077 30 −408 77 29 0.86–0.93
2015-09-25T21:00:43 2015-09-25T23:49:30 AR 12920 3690092077 30 −182 63 15 0.96–0.99
2015-09-26T21:23:41 2015-09-27T00:12:28 AR 12920 3690092077 30 27 58 4 0.98–1.00
2015-09-28T17:08:41 2015-09-28T19:57:28 AR 12920 3690092077 30 425 83 23 0.84–0.92
2015-10-02T00:54:43 2015-10-02T03:43:30 AR 12920 3690092077 30 892 140 62 0.00–0.49
2015-10-02T20:47:20 2015-10-02T23:36:08 AR 12920 3690092077 30 917 165 68 0.00–0.50
2016-03-04T10:34:35 2016-03-04T17:26:20 QS 3690094078 60 −3 900 69 0.00–0.55
2016-03-05T10:14:03 2016-03-05T17:05:48 QS 3690094078 60 5 −890 67 0.00–0.56
2016-03-05T17:17:07 2016-03-06T00:08:52 QS 3690094078 60 5 −714 48 0.55–0.76
2016-03-06T00:20:11 2016-03-06T07:11:56 QS 3690094078 60 5 −538 34 0.76–0.89
2016-03-06T10:41:36 2016-03-06T17:33:21 QS 3690094078 60 5 −890 67 0.00–0.56
2016-03-06T23:01:56 2016-03-07T05:53:41 QS 3690094078 60 −2 7 4 0.99–1.00
2016-03-07T06:05:00 2016-03-07T12:56:45 QS 3690094078 60 −4 728 49 0.52–0.75

Note. We provide the start and end dates, target, IRIS OBS-ID, exposure time (s), solar x/y coordinates (arcsec), θ (viewing angle between the local vertical and LOS
vector, in deg), and μ = cos θ.
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of the O I 1355Å line is somewhat uncertain given the large
range of chromospheric heights this line is formed over. If we
assume that the chromospheric temperature is within a range of
5,000 to 15,000 K, the thermal broadening would range
between 2.3 and 3.9 km s−1 (1/e width). Both the instrumental
and thermal broadening are smaller than most widths we report
on here and play only a minor role. For the Mg II k profiles we
used a double Gaussian fit similar to that used by Carlsson et al.
(2015) and Bryans et al. (2016). The reported width is the 1/e
width of the Gaussian fit to the profile outside the central
reversal. For the C II profiles we used a double Gaussian fit
similar to that used by Rathore et al. (2015b).

For some IRIS observations, we also provide magnetogram
data from HMI for context. The magnetogram data is based on
the circular polarization Stokes signal in the Fe I 6173Å line
and provides information on the line-of-sight (LOS) magnetic
field at photospheric levels. The HMI data has a pixel size of
0 5. We use the full-disk data to obtain a FOV that is matched
to that of IRIS. The co-alignment of the IRIS and HMI
magnetogram data is accomplished through comparison of an
IRIS spectroheliogram at 2800Å in the photospheric wings of
the Mg II h & k lines and the HMI magnetogram. This
alignment is greatly facilitated by the similarities between the
bright points in the 2800Å images and the flux concentrations
that are detected with HMI.

For one of the IRIS observations, we also provide high-
resolution context magnetograms of the circular polarization in the
Fe I 6173Å line using the CRISP instrument (Scharmer 2006) at
the Swedish 1-m Solar Telescope (SST). This data was obtained
on 2015 September 09 from 09:04:12 UTC to 10:29:04 UTC with
a cadence of 67 s. The pixel size is 0 06. The data was calibrated
and corrected for deformations because of seeing conditions
introduced by the Earth’s atmosphere in an identical manner as
described in § 2.2 in Rouppe van der Voort et al. (2020).

3. Properties of O I 1355 Å

3.1. Morphology and Relationship to Other Spectral Lines

Lin & Carlsson (2015) used numerical simulations of a
region that aims to mimic an enhanced network region in the
quiet Sun and found that the line forms through a recombina-
tion cascade to the upper level of the O I 1355Å line, followed
by emission in the line under optically thin conditions. The
ionization balance of O I and O II is coupled to the ionization of
hydrogen through charge exchange. The O I 1355Å line is thus
formed in the chromosphere, as O II ionization occurs toward
the top of the chromosphere. As the line is optically thin, the
line broadening is of particular interest as it provides
constraints on turbulent motions in the chromosphere, a
property otherwise only accessible through spectral line
inversions of optically thick chromospheric lines such as
Mg II h 2803Å and Mg II k 2796Å (e.g., de la Cruz Rodríguez
et al. 2016). As the line is chromospheric, it is of interest to
study the morphological properties of spectroheliograms or
maps of the O I 1355Å intensity and width.

Figure 1 shows that in an active region at the disk center, the
O I 1355Å line is bright in plage regions and some parts of
filaments. The morphology appears to be a combination of dot-
like and more extended features. The regions where O I 1355Å
is bright (top row, middle panel) slightly extend beyond the
plage perimeters that are seen in a photospheric 2800Å
spectroheliogram (top row, left panel). The extensions seem

wispy and resemble the lower parts of loop-like or fibril-like
features.
There is overall a strong resemblance with the Mg II k3

intensity maps.4 The main difference between both maps is that
the regions where Mg II k3 is bright extend even further beyond
the photospheric boundaries of the plage, possibly because the
S/N of the O I 1355Å line is significantly lower. The other
difference is that filaments are typically dark in Mg II k3 and
most often bright in O I 1355Å (but see the filament around
x=− 10″, y= 60″, which is dark in both). There are also
significant morphological similarities with the C II 1335Å
intensity (bottom row, left panel). The main difference here
is that the latter shows more differences in brightness between
various plage regions, because it is more sensitive to transition
region conditions (Rathore et al. 2015a), which are, in turn,
dominated by the overlying coronal conditions. In summary,
our comparison shows that in plage regions the O I 1355Å line
does indeed look very chromospheric in nature with significant
similarity between the intensity patterns in the O I 1355Å and
Mg II k line.
The spatial patterns in the map of O I 1355Å line widths

(bottom row, middle panel) generally map, on large scales,
those of the O I 1355Å intensity (top row, middle panel). The
O I 1355Å line width is enhanced in and around plage regions,
and very low in surrounding quiet-Sun regions. The map of
O I 1355Å line widths is remarkably homogeneous within each
plage region, with only relatively small deviations around the
average value of about 7.5 km s−1, as previously remarked by
Carlsson et al. (2015). For each plage region, the high values of
O I 1355Å widths spatially extend even further beyond the
photospheric plage boundaries than the O I 1355Å intensity.
The values of O I 1355Å broadening in the quiet Sun are very
small, often insignificant, suggesting that, in many quiet-Sun
locations, the line is not broadened beyond the combination of
instrumental and thermal broadening.
The spatial patterns of the line broadening in O I 1355Å and

Mg II k (bottom row, right panel) show significant correspon-
dence on very large scales (∼10″): both lines are broader in
plage regions and the immediate vicinity, and narrower in the
quiet-Sun regions surrounding the plage. However, the broad-
ening values themselves are very different between these two
lines. Typical values for O I 1355Å are of order 10 km s−1 or
less, while the Mg II k values are larger by a factor of ∼3. This
is in agreement with the results from Carlsson et al. (2015). It is
not surprising given that O I 1355Å is an optically thin line and
its width is sensitive to velocity variations along the LOS and
turbulent motions, while Mg II k is an optically thick line with
velocity gradients, turbulent motions, and broadening as a
result of opacity all playing a role in the line width. On very
small (<1″) scales there is most often not a good match
between O I 1355Å broadening and Mg II k broadening.
Figure 2 gives four examples of observed profiles together

with the single Gaussian fit of the O I 1355Å line from four
different regions seen in Figure 1: a plage, a filament,
internetwork, and an unusually wide profile. Note that the
spectra have been averaged over 3x3 spatial pixels—the actual
number of photons per wavelength bin is thus 9 times the given
DN/pixel times four photons per DN (the gain in the FUV

4 The Mg II k3 spectral feature occurs at the wavelength of the central reversal
for a double-peaked Mg II k spectral profile, or the wavelength of the peak for a
single-peaked Mg II k spectral profile (Leenaarts et al. 2013a).
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passband,5 De Pontieu et al. 2014). The dominant error source
is photon noise, proportional to the square root of the number
of photons for Poisson statistics. For very low count rates, a

number of other error sources come into play (readout-,
digitization-, and flat-fielding, fixed-pattern noise, straylight
subtraction, etc.; Wülser et al. 2018). We estimate the total
error as the square root of the sum of the squares of a term not
dependent on the count rate (estimated from the standard

Figure 1. IRIS spectroheliograms of NOAA AR 12920 at 2015-09-26T21:23 UTC showing in the top row 2800 Å, O I 1355 Å intensity, and Mg II k3 intensity, and
in the bottom row C II 1335 Å intensity, O I 1355 Å line broadening, and the Mg II k line broadening. Black horizontal lines are fiducial marks. Black vertical lines are
data dropouts. The O I 1355 Å intensity, Mg II k3 intensity, and C II 1335 Å intensity are scaled, respectively, between 1 and 35 DN, 0 and 10586 DN, and 3 and
311 DN. Regions with bad fits and/or low peak counts (below 6 DN) are masked out in the O I 1355 Å line-width map. This figure is accompanied by an animation
that allows the reader to blink between the different panels of the figure to see the various similarities and offsets described in the text.

(An animation of this figure is available.)

5 The gain in the NUV passband is 18 photons per DN.
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deviation of the count rate in a line-free region between −200
and −40 km s−1) and the Poisson noise term. We furthermore
restrict our analysis to profiles with a line-center count rate
above a threshold (given in the respective figures). For the three
first profiles, the fit with a single Gaussian is very good. The
unusually wide profile has a markedly non-Gaussian shape.
This is typical for the widest profiles.

In the quiet Sun, we find many of the same properties and
correspondences, as shown in Figure 3. The O I 1355Å is
bright in and around quiet-Sun network regions and faint in the
internetwork regions. At the disk center, we see that the
O I 1355Å line is too weak to detect in some of the
internetwork regions, despite the deep exposures and spatial
summing in the special observing mode for these observations.
However, in much of the FOV there is sufficient signal to
determine the intensity and line width of the O I 1355Å line.
The findings for QS are very similar to those described above
for active regions. The strongest signal can be found in and
around network regions. A disk-center view shows that the
regions where O I 1355Å intensity is high again extend beyond
the spatial boundaries of the network, similar to what we see in
plage regions. The network-associated O I 1355Å emission
appears to be a combination of dot-like features and a more
extended wispy structure that are reminiscent of the spicules
that are often seen to protrude from network flux concentra-
tions. The internetwork regions are significantly fainter. The
O I 1355Å intensity map shows strong similarity with the
Mg II k3 intensity map. There is, again, a similarity with the
C II 1335Å intensity map, although somewhat less than with

Mg II k3, with C II 1335Å showing higher contrast and
strongly reduced internetwork intensities.
The O I 1355Å line-width maps reveal extremely low values

in the internetwork regions. In many locations, these values are so
low that they appear compatible with a lack of nonthermal
broadening. The network regions show a significant increase in
the line width, with the regions of high broadening extending
even further from the network regions than the intensity itself.
This is similar to what we found for plage, although the line
width is somewhat reduced in the network compared to the plage.
The O I 1355Å broadening is much less than that found in the
Mg II k line, again similar to what we found for active regions.
To gain further insight into the morphology and formation

region of O I 1355Å it is of interest to study the appearance of
the O I 1355Å intensity and line width in solar targets that are
closer to the limb, both for an active region and a quiet-Sun
region. Figure 4 shows NOAA AR 12920 as it is tracked over
the course of 9 days from close to the east limb to the west limb
of the Sun, with both the minimum and maximum of the color
scale for both the intensity and line width identical for all
images. It appears that the intensity is the lowest close to the
disk center, with a steady increase as we approach the limb. At
the limb itself the intensity is increased significantly, as is
expected from an optically thin line: the LOS increases and
captures more structures as the viewing angle is more oblique.
We also see localized regions of strong intensity enhancements,
in particular on 2015 September 23, 2015 September 24, 2015
September 25, and 2015 October 02. We will describe these
very bright regions in more detail in Section 4.
The line width remains relatively independent of the viewing

angle except there is a clear increase for viewing angles close to
the limb (e.g., 2015 September 23, 2015 October 02). At the
limb itself, the line width increases in a step-like fashion, which
is to be expected as the integration length doubles at the limb.
Nevertheless, the line widths remain relatively modest and the
overall variation is limited to just a few km s−1 on average, as
described below using histograms.
A more detailed view of NOAA AR 12920 on 2015 October

02 is provided in Figure 5. At this time the AR is close to the
limb so that the FOV covers a wide range of values for
m q= cos . At this extreme viewing angle, it appears that
O I 1355Å intensity features (top row, middle panel) are
slightly offset toward the limb when compared with the
photospheric plage footpoints (top row, left panel). In addition,
the O I 1355Å intensity features that protrude toward the limb
from the photospheric footpoints protrude less (i.e., are shorter)
than the features in the Mg II k3 intensity maps. The protrusions
are even more extended toward the limb in the C II 1335Å
images. They are strongly reminiscent of spicules. This
suggests that the O I 1355Å line is indeed formed in the
chromosphere, but perhaps at lower heights than the upper
chromospheric and lower transition region features that are
visible in the Mg II k3 and C II 1335Å maps. This difference in
apparent formation height is perhaps even clearer when
comparing the line-width maps in O I 1355Å and Mg II k.
The regions with enhanced O I 1355Å line widths around the
plage regions are relatively narrow, and definitely shorter than
the equivalent features in Mg II k. In addition, the O I 1355Å
line-width map appears to show significantly less enhancement
(compared to the Mg II k line-width map) and the region where
the line width is enhanced covers a smaller part of the plage
regions.

Figure 2. Examples of O I 1355 Å profiles from four locations of Figure 1. The
observed profile is given with symbols and the single Gaussian fit with a solid
line. The positions and reduced χ2 of the fit are given in the upper left with the
1/e width and its 1σ error in the upper right. The increased intensity in the red
part of the window is due to an emission line from C I at 1355.8 Å.
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A comparison between Si IV 1402, Cl I 1352Å and
O I 1355Å spectroheliograms of NOAA AR 12920 toward
the limb is also illustrative (Figure 6). The Cl I line intensity,6

thought to be formed at similar heights in the chromosphere
(Shine 1983), shows a large degree of similarity to that of
O I 1355Å. That correlation is also present to some extent for
the line width of both lines. For the Si IV this is different. Here
we see a clear difference between the limbward side and the

Figure 3. IRIS spectroheliograms of a quiet-Sun region at 2016-03-06T23:01 UTC showing in the top row 2800 Å, O I 1355 Å intensity, and Mg II k3 intensity, and
in the bottom row C II 1335 Å intensity, O I 1355 Å line broadening, and the Mg II k line broadening. Black horizontal lines are fiducial marks. Black vertical lines are
data dropouts. The O I 1355 Å intensity, Mg II k3 intensity, and C II 1335 Å intensity are scaled, respectively, between 2 and 141 DN, 0 and 9563 DN, and 19 and
125 DN. Regions with bad fits and/or low peak counts (below 8 DN) are masked out in the O I 1355 Å line-width map. This figure is accompanied by an animation
that allows the reader to blink between the different panels of the figure to see the various similarities and offsets described in the text.

(An animation of this figure is available.)

6 The moments of the Cl I line are calculated in the same way as for O I.

6
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Figure 4. IRIS spectroheliograms of NOAA AR 12920 as it traverses the disk between 2015 September 22 and 2015 October 02. The top two rows show the O I

1355 Å intensity, while the bottom two rows show the O I 1355 Å line broadening. The O I 1355 Å intensity is scaled between 0 and 60 DN for all panels. Regions
with bad fits and/or low peak counts (below 4 DN) are masked out in the O I 1355 Å line-width maps.
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disk-center side of the plage region. Toward the limb there is a
clear offset of order 1–2″, with the Si IV features offset toward
the limb. The Si IV brightenings are quite well understood
(Skogsrud et al. 2016), and are the TR counterparts to the

magneto-acoustic shocks that dominate the plage chromo-
sphere, as can be determined from λ− t plots. This comparison
suggests that the O I 1355Å intensity features occur at lower
heights than the Si IV shocks. Such shocks are visible both in

Figure 5. IRIS spectroheliograms of NOAA AR 12920 at 2015-10-02T00:54 UTC showing in the top row 2800 Å, O I 1355 Å intensity, and Mg II k3 intensity, and
in the bottom row C II 1335 Å intensity, O I 1355 Å line broadening, and the Mg II k line broadening. Black horizontal lines are fiducial marks. Black vertical lines are
data dropouts. The O I 1355 Å intensity, Mg II k3 intensity, and C II 1335 Å intensity are scaled, respectively, between 0 and 92 DN, 0 and 13169 DN, and 3 and
224 DN. Regions with bad fits and/or low peak counts (below 6 DN) are masked out in the O I 1355 Å line-width map. This figure is accompanied by an animation
that allows the reader to blink between the different panels of the figure to see the various similarities and offsets described in the text.

(An animation of this figure is available.)
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the blue and red wings of the Si IV line, with the blue wing
showing the upward phase and the red wing the downward
phase. These shocks have been shown to drive dynamic fibrils
(Skogsrud et al. 2016) and type II spicules (Rouppe van der
Voort et al. 2015). It seems that many O I 1355Å intensity
features are somehow related to both, with the small round

features possibly related to shocks (as seen from above), and
the wispy linear features possibly related to type II spicules
(when viewed from the side).
The behavior of the O I 1355Å line in quiet-Sun regions

appears to be similar. We used observations that were obtained
along the central meridian in 2016 March covering several

Figure 6. IRIS views of NOAA AR 12412 at 2015-09-09T07:59 UTC. The right column shows spectroheliograms of Si IV 1394 Å in the red wing (top), blue wing
(middle), and core (bottom). The left and middle columns show, respectively the intensity and line broadening from a Gaussian fit for the O I 1355 Å line (top), Si IV
1394 Å (middle), and Cl I 1351 Å (bottom). The color scale for the line broadening is between 3 and 12 km s−1 for O I and Cl I, and between 5 and 40 km s−1 for
Si IV. The O I 1355 Å intensity, Si IV red wing intensity, Si IV intensity, Si IV blue wing intensity, Cl I intensity, and Si IV core intensity, are scaled, respectively,
between 2 and 30 DN, 5 and 500 DN, 10 and 500 DN, 5 and 500 DN, 10 and 250 DN, and 5 and 500 DN. Regions with bad fits and/or low peak counts (below 5 DN)
are masked out in the O I 1355 Å line-width map. This figure is accompanied by an animation that allows the reader to blink between the different panels of the figure
to see the various similarities and offsets described in the text.

(An animation of this figure is available.)
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locations between the north and the south pole, as shown in
Figure 7. We see very similar behavior, with the intensity
lowest around the disk center, and significantly increased at or
close to the limb, again as expected from an optically thin line.
The line width is enhanced around the network regions,
independent of the viewing angle, and the lowest at the disk
center. The increase in the line width exactly at the limb is
significant but only a few km s−1. There is also a more gradual
increase in the line width from the disk center toward the limb,
but only by about 1 or 2 km s−1.

A detailed view at the polar limb (Figure 8) again shows an
offset toward the limb of the bright O I 1355Å intensity
features when compared to the photospheric network concen-
trations (visible in 2800Å). The O I 1355Å intensity features
appear to be shorter (in the direction toward the limb) and
offset below the features in Mg II k 3 (upper chromosphere) and
C II 1335Å (TR).

A coherent picture then appears in which, for both active
regions and the quiet Sun, the O I 1355Å formation height
appears to be chromospheric in nature, but somewhat lower and
thus not quite identical to that of Mg II k.

3.2. Statistics and Center-to-limb Variation

As the O I 1355Å line is optically thin in the chromosphere,
it is of interest to study how the line broadening depends on the
viewing angle. The probability density function (PDF) of the
line width as a function of the cosine of the viewing angle is
shown in Figure 9 for the AR data set (top panel) and the QS
data set (bottom panel). There is, on average, a slightly larger
line width at the limb than at the disk center, for both data sets.
The line broadening appears, on average, to increase by only a
small amount toward the limb, of order 1–2 km s−1. The
increase is larger for the AR 12920 data set. The PDF of the
line core intensity (from the fit) as a function of the viewing
angle is shown in Figure 10 for the two data sets. The intensity
increases toward the limb for both data sets. For QS, the core
intensity increases from an average of 0.3 DN/s at the disk
center to 2.7 DN/s at the limb. The corresponding numbers for
the AR data set is an increase from 0.48 DN/s at the disk center
to 3.7 DN/s. The AR data set includes a larger variety of
features and shows a larger spread in intensity.

We first discuss the center-to-limb behavior of the line
broadening on the disk (i.e., not including the off-limb region).
The changed viewing angle toward the limb could, in principle,
cause two effects on the O I 1355Å line broadening. First, it
could mean that the measurements closer to the limb are more
sensitive to the motions perpendicular to the magnetic field.
This would be the case if one assumes that, on average, the
magnetic field is typically more vertically (rather than
horizontally) oriented in the line formation region of
O I 1355Å. This is likely a reasonable assumption for a plage
or network region, but may not be a good assumption for other
regions in the FOV, such as those regions just adjacent to the
network or plage where fibril or spicule-like features often
appear more inclined, or for internetwork regions where the
chromospheric field is poorly known and may include more
horizontal fields. Second, the longer LOS implies more
superposition of different structures within each pixel. If these
locations have different LOS velocities, this can broaden the
line as well. If this were the case, one would also expect to see
a significant increase in intensity, depending on the velocity
gradients in the FOV and/or along the LOS.

Disentangling these two effects is not straightforward. In
addition, the likely different field orientations between the
network or plage on the one hand, and the other regions on the
other hand, can easily render an interpretation of the center-to-
limb variation plot such as that in Figure 9 muddled. By mixing
both types of regions into one plot, any center-to-limb variation
of each subregion may be hidden as the two different types of
regions may have oppositely signed center-to-limb variations.
Another key aspect that should be taken into account is that the
line formation region of O I 1355Å is very large, covering a
region from the low chromosphere all the way to the top of the
chromospheric spicules. We have already discussed the
presence of spicule-like features in the O I 1355Å maps of
Figures 1 and 3. The likely field-aligned motions and the
amplitude of, e.g., Alfvén-wave-associated motions perpend-
icular to the field, are expected to vary very significantly
between the dense lower chromosphere and the top of spicules,
because of the very large density differences between those two
regions. Assuming mass conservation for field-aligned flows,
or constant energy flux density for Alfvén waves implies a
strong increase in the flows from the low chromosphere to the
top of spicules. In addition, there are most likely significant
differences in intensity between the chromosphere and the top
of spicules, as the intensity is proportional to the square of the
electron density for this optically thin line (Lin &
Carlsson 2015). The relative contribution of these two
components (chromosphere versus spicules) within an IRIS
resolution element is also expected to vary between the disk
center and the limb. This is because at the disk center, spicules
will more often originate and be suspended straight above the
bright network or plage regions, whereas toward the limb their
greater height will show them more spatially offset from the
network or plage.
In an attempt to disentangle these effects we have applied

masks to isolate the chromospheric from the spicular contribu-
tions as much as possible. We perform this only for the quiet-
Sun data set as the magnetic field in active regions is more
complex. Figure 11 shows the center-to-limb variation in the
quiet-Sun network, regions adjacent to the network, and the
internetwork. The masks are created by first making a least-
squares cubic polynomial fit to the core intensity (from the fit)
as a function of the cosine of the viewing angle (μ). The
network mask includes all pixels with a core intensity more
than 22 DN above the center-to-limb fit. The “adjacent to the
network” mask includes all pixels less than 1 arcsecond
limbward from the network pixels, excluding network pixels.
The internetwork mask includes all the other pixels. The
regions adjacent to the network are typically dominated by
fibrils or spicules. We see that the regions adjacent to the
network show an increased line broadening. Because of the
morphology, we believe that this is caused by the larger
motions in the low-density environment of spicules. It is
possible that this effect also contributes to the modest increase
in the line width by 1–2 km s−1 increase toward the limb that is
seen in Figure 9. The fainter spicular signal (with its increased
LOS motions) becomes more apparent toward the limb because
the spatial offset from the brighter network is increased as the
viewing angle changes. Another effect that may help explain
the modest increase in the line width toward the limb is the
increased superposition along the LOS of different structures
with different LOS velocities. However, it is also possible that
toward the limb the LOS is more perpendicular to the magnetic
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Figure 7. IRIS spectroheliograms of the quiet Sun taken along the meridian from the north pole (top left) to the south pole (bottom right). The top two rows show the
O I 1355 Å intensity, while the bottom two rows show the O I 1355 Å line broadening. The O I 1355 Å intensity is scaled between 0 and 60 DN for all panels. Regions
with bad fits and/or low peak counts (below 4 DN) are masked out in the O I 1355 Å line-width maps.
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field direction, and that the modest increase in the line width
toward the limb is in part caused by stronger motions
perpendicular to the magnetic field direction. This slight
anisotropy (with respect to the magnetic field direction) of

turbulent motions likely plays a significant role, as we illustrate
in what follows below.
We now turn our attention to the off-limb behavior of the

O I 1355Å intensity and line broadening in a quiet-Sun data set

Figure 8. IRIS spectroheliograms of the quiet Sun at 2016-03-06T23:01 UTC showing in the top row 2800 Å, O I 1355 Å intensity, and Mg II k3 intensity, and in the
bottom row C II 1335 Å intensity, O I 1355 Å line broadening, and the Mg II k line broadening. Black horizontal lines are fiducial marks. Black vertical lines are data
dropouts. The O I 1355 Å intensity, Mg II k3 intensity, and C II 1335 Å intensity are scaled, respectively, between 0 and 150 DN, 0 and 7865 DN, and 4 and 108 DN.
Regions with bad fits and/or low peak counts (below 8 DN) are masked out in the O I 1355 Å line-width map. This figure is accompanied by an animation that allows
the reader to blink between the different panels of the figure to see the various similarities and offsets described in the text.

(An animation of this figure is available.)
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as a function of the distance above the limb (positive values).
This is shown in Figure 12. The distance from the limb is based
on a calculation of the solar radius for the date of the
observation and the header information in the IRIS data. The
latter has an accuracy of order ∼0 6 or better, now that cross
correlation of IRIS FUV SJI images and AIA 1700Å data is
automatically applied in the IRIS level 2 data pipeline. The top
panel shows the sharp drop-off of the intensity in the
photospheric wing of Mg II k at 2800Å, which starts about
0 5 above the solar limb. This is a reasonable number as this
photospheric wing emission is formed in the upper photo-
sphere, confirming that the limb distance is accurately
calculated.

The second panel from the top in Figure 12 shows that the
O I 1355Å intensity increases from the photospheric limb
outward until it peaks at about 1 5 from the limb. The intensity
then rapidly drops off with increasing distance from the limb. It
is very interesting to note that between the limb and the 1 5
distance where the O I 1355Å intensity peaks, the line width
increases (for increasing distance from the limb) only very
modestly to a value of about 9 km s−1. This changes drastically
after the peak intensity is reached: the line width then increases
rapidly to values of 15 km s−1 until the intensity drops (at
distances of 5″) to very low values where the Gaussian fits can
no longer be performed reliably.

What causes this puzzling spatial offset of about 3″ of the
off-limb peak of the intensity and the line width? If one
assumed that the off-limb properties of this optically thin line

were caused by line-of-sight superposition of intensity features
with a random distribution of LOS velocities, the peaks of the
intensity and line width should be co-located.
Let us, instead, examine a different scenario that is inspired

by our findings in Section 3. We assume that there are two
major contributors to the O I 1355Å signals off-limb: a
contribution from the chromosphere proper, and one from
spicules. Let us further assume that, at the limb, the line width
is mostly determined by motions perpendicular to the magnetic
field, as expected from Alfvén-wave-associated motions, and
that the field is mostly vertical. As we have seen in Section 3,
there are indications that the line width increases along the
spicule-like structures emanating from the network. It is natural
to assume that beyond a certain height, these spicular features
dominate the signal.
Let us now assume that the energy flux density F of Alfvén

waves propagating from the lower chromosphere to the top of
the spicules is roughly constant:

rd r d= ~ = ( )F v v v B k 1A
2 2

in which ρ is the mass density of the plasma, δv is the
Alfvén-wave amplitude, vA is the Alfvén speed, with

r~v BA , and B the magnetic field, and k a constant. This
would then imply:
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in which we assume that ρ∼ ne (the electron density), and
~I nepeak

2 (based on Lin & Carlsson 2015).

Figure 9. PDF of the O I 1355 Å line width as a function of the cosine of the
viewing angle (μ) for the AR 12290 data sets (top panel) and the QS data sets
(bottom panel). To facilitate comparison, a quadratic least-squares fit to the QS
width as a function of μ is shown in both panels as a dashed line. The color
scale is linear and profiles with a central intensity below 10 DN/pixel are not
included.

Figure 10. PDF of the O I 1355 Å line core intensity (from the fit) as a function
of the cosine of the viewing angle (μ) for the AR 12290 data sets (top panel)
and the QS data sets (bottom panel). The color scale is linear.
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In the bottom panel of Figure 12, we show the variation in

the component -I
1
8 , normalized to the same line-width values

at the distance where the O I 1355Å line-width peaks (about
1 5). We find that the increase in the line width from 1 5 to 5″
is well reproduced qualitatively. Note that we expect that the
average magnetic field decreases with increasing distance from
the limb. Such a decrease in magnetic field B would lead to an
even larger increase in the line width. It seems that our
relatively simplistic model thus reproduces the observed
behavior very well. Note also that our approach appears to be
compatible with the observed slight increase in the line width
between the solar limb and the distance of peak O I 1355Å

intensity. While the
-

Ipeak

1
8 component predicts a slight decrease

in the line width in this region, we note that it is precisely here
(at heights between the photosphere and low chromosphere)
that we expect the largest drop in average magnetic field
strength as flux tubes expand with height from the photosphere
into the low chromosphere. If the field were to drop by a factor
of 3, this could reverse the predicted decrease in the line width

(from the intensity alone) to the modest increase we actually
see for increasing distance from the solar limb.
Our results thus support a scenario in which the spatial

variation in the O I 1355Å line width is related to the
superposition of Alfvénic wave motions or turbulence along
structures that show a density that significantly decreases with
height. Naturally reality is most likely more complex.
However, the fact that this scenario can easily explain the
spatial offset between the peaks of the O I 1355Å intensity and
line width, and shows an increase in the line width that is self-
consistent with the observed intensities and expected magnetic
field variations, both suggest that this scenario plays a role in
the observed behavior.

4. Relationship to Magnetic Flux Emergence and
Cancellation

The very bright features in O I 1355Å in the active region
(Figure 4) appear to be related to the effects of flux emergence
and/or cancellation. A detailed comparison of the locations in
O I 1355Å and magnetograms from HMI (Figures 13 and 14)
shows that the O I 1355Å intensity is often enhanced around

Figure 11. PDF of the O I 1355 Å line width as function of the cosine of the
viewing angle (μ) for quiet-Sun internetwork areas (top panel), network areas
(middle panel), and for areas 1″ limbward of network areas (bottom panel). In
all panels, the least-squares quadratic fit is shown with a solid line and the fits
for the two other area types as dashed lines.

Figure 12. PDFs for the intensity at 2800 Å (upper photosphere, top), the
O I 1355 Å intensity Ipeak (second from top), the O I 1355 Å line width (third

from top), and quantity A that is proportional to
-

Ipeak

1
8 , all as a function of the

distance from the solar limb, with positive values of the latter for off-limb
positions. The vertical dashed line is the location of the photospheric limb, as
determined from the solar radius and IRIS headers. The solid vertical lines
show the range of distances from the limb for which Ipeak decreases with
height. The value of A is scaled so that it is equal to the line broadening at the
distance from the solar limb indicated by the leftmost solid vertical line.
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the neutral line between opposite polarities. To allow a proper
comparison between the IRIS rasters and HMI (or SST)
magnetograms, we create, from the HMI (or SST) data,
synthetic rasters with identical FOV as the IRIS raster, in which
each raster position includes a vertical strip of HMI (or SST)
data at the same time as the time of each IRIS raster position.

On the largest scales (∼20″), we see that filaments, which
most often occur above the neutral line between opposite
polarities, are often bright in O I 1355Å e.g., at (−166″, 42″)
(left), and at (53″, 70″) (middle) in Figure 14. However, the
correlation between O I 1355Å intensity and neutral lines is

also strong on smaller scales (∼5″), at locations where flux
concentrations of opposite polarities are in very close
proximity, i.e., touching or almost touching. This is clearly
illustrated, in Figure 13 (red circles), by the bright region at
(−770″, 145″) in the left column, at (−526″, 33″) in the middle
column, and (−367″, 44″) in the right column. Similarly,
Figure 14 (red circles) shows examples at (−235″, 65″) (left),
(−5″, 70″) (middle), and (420″, 170″) (right).
When we saturate HMI magnetograms to enhance the

visibility of weak flux of opposite polarity, we find that on
arcsecond scales very weak flux immediately adjacent to the

Figure 13. IRIS spectroheliograms of NOAA AR 12920 as it traverses the disk between 2015 September 22 and 2015 September 24. The top row shows the O I

1355 Å intensity, while the bottom row shows the line-of-sight magnetic field as deduced from HMI magnetograms stitched together to replicate the IRIS raster
timings and locations. The red circles indicate locations with neutral lines between opposite polarities and increased O I 1355 Å intensities, as described in the text.
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dominant polarity flux similarly often leads to enhanced
brightenings in O I 1355Å. Examples of that can be found in
Figure 15 (red circles), at (−435″, 110″), (−435″, 92″),
(−412″, 90″), (−424″, 60″), (−426″, 48″), (−420″, 10″). There
are, however, also some locations in which opposite polarity
flux appears in close proximity but the O I 1355Å intensity
does not appear to be significantly enhanced (e.g., the weak
concentrations at (−370″, 55″)).

To investigate this correlation on subarcsecond scales, we
also analyze a time series of very high-resolution magneto-
grams obtained at the SST (Figure 16). These magnetograms

have a much higher spatial resolution (∼0 1) and greater
magnetic sensitivity. They similarly reveal locations of
enhanced O I 1355Å brightenings where the flux of the
minority polarity is in the proximity of stronger dominant
polarity concentrations, e.g., at (4″, 17″). However, there are
also locations with very weak minority flux where this
correlation is not as clear (e.g., at (12″, 35″)) or not apparent
(e.g., at (18″, 56″)). Such locations of reduced or no correlation
appear to be more common in the SST data set than in the HMI
data sets. This perhaps suggests that a minimum flux size is
required for significant O I 1355Å emission, or that the

Figure 14. IRIS spectroheliograms of NOAA AR 12920 as it traverses the disk between 2015 September 25 and 2015 September 28. The top row shows the O I

1355 Å intensity, while the bottom row shows the line-of-sight magnetic field as deduced from HMI magnetograms stitched together to replicate the IRIS raster
timings and locations. The red circles indicate locations with neutral lines between opposite polarities and increased O I 1355 Å intensities, as described in the text.
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O I 1355Å intensity increase is perhaps shorter-lived for very
weak minority flux concentrations, and missed by the slow
cadence of the IRIS rasters. The latter is driven by the required
deep exposures to detect the faint O I 1355Å line.

The animation associated with Figure 16 reveals that, in
addition to the correlation between neutral lines and O I 1355Å
intensity, which could be associated with flux cancellation,
there is another process that is clearly associated with increased
O I 1355Å intensity. Flux emergence is present in the region
around x= 5–15″, y= 45–55″, and x= 38–43″, y= 40–45″.
These are the two regions that show the brightest O I 1355Å
emission. This can also be seen in Figure 6, with the brightest
emission around (−465″, −210″) occurring at a location where
flux has emerged into a pre-existing field configuration. The
region of enhanced intensities in O I 1355Å (also seen in Si IV
and Cl I) appears to outline a dome-like structure that separates
the two flux systems, possibly a quasi-separatrix layer (QSL).

The above findings appear to be compatible with a scenario
in which significant ionization and heating of the plasma, in
response to reconnection or currents associated with the
interaction between field concentrations of opposite polarity,
leads to enhanced electron densities, which, based on
theoretical work, the O I 1355Å intensity is proportional to
Lin & Carlsson (2015). Our observational results indicate that
such heating could occur in association with flux cancellation
or flux emergence. Out of all IRIS observables, the O I 1355Å

intensity appears to be the most sensitive to the effects of
cancellation and emergence, possibly because it is formed at
low enough heights that it is sensitive to heating, even from
small-scale flux concentrations whose fields do not reach into
the upper chromosphere. Another key aspect is that O I 1355Å
is optically thin and uniquely sensitive to the electron density,
thereby picking up any enhancement caused by heating or
ionization. It appears that O I 1355Å may be acting as a canary
in the coal mine for solar atmospheric effects of cancellation or
emergence.
One complication of our analysis is that the O I 1355Å line

is faint and requires deep exposures, leading to low cadence
observations. Given the dynamic and ephemeral nature of
heating associated with flux emergence, it is thus quite possible
that some heating signals are simply missed in the O I 1355Å
rasters when it occurs either before or after the IRIS slit has
passed the site of cancellation or emergence. Alternatively, it
may be that not all cancellations or emergence lead to
significant heating at chromospheric heights. Detailed compar-
isons with numerical simulations are required to address this.
One final observational finding is that the locations of

enhanced line broadening do not appear to show a significant
correlation with flux cancellation or emergence, as illustrated
by Figure 16. In fact, regions of active emergence often appear
to show significantly reduced broadening (e.g., at (5″, 52″) in
Figure 16).

Figure 15. IRIS spectroheliograms of NOAA AR 12920 on 2015 September 24. The left column shows the O I 1355 Å intensity, while the right column row shows
the line-of-sight magnetic field as deduced from HMI magnetograms stitched together to replicate the IRIS raster timings and locations. The red circles indicate
locations with neutral lines between opposite polarities and increased O I 1355 Å intensities, as described in the text.
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5. Flux Concentrations

Our analysis of the O I 1355Å measurements and the
underlying photosphere in plage regions has revealed another
intriguing finding. In particular, on subarcsecond spatial scales,
there is an anticorrelation between locations of enhanced line
broadening and the locations of strong flux concentrations in
the photosphere. This is illustrated in Figure 17, which shows
the O I 1355Å line broadening (top), a spectroheliogram at
2800Å (middle), and the O I 1355Å intensity (bottom).

While the range of values for line broadening is not
enormous, there is a clear difference between nonplage regions
and plage regions, with the former (e.g., x=− 10 to 15″,
y= 80 to 90″), showing significantly reduced line broadening
(less than 5 km s−1). The plage region itself shows a relatively
narrow range of values for the line broadening, between 7 and
11 km s−1, as already remarked upon by Carlsson et al. (2015).
The top panel of Figure 17 nevertheless reveals a spatial pattern
of enhanced values for the line broadening (3 to 4 km s−1

higher than the rest of the plage), occurring in contiguous
regions showing coherence on 0.5 to 2″ spatial scales. These
regions of enhanced line widths do not seem to correlate with
locations of enhanced O I 1355Å brightness. Similarly, they do
not occur where the photospheric wing emission at 2800Å
occurs. Instead, they preferentially avoid the locations of bright
points in the photosphere. The latter are indicated with black
contours, which are determined by setting a threshold bright-
ness in the 2800Å spectroheliogram. As can be seen in the top

panel, most often the regions of enhanced line broadening in
O I 1355Å occur in between the black contours.
This anticorrelation is further illustrated by Figure 18, which

shows the joint probability density function (JPDF) of the
O I 1355Å line broadening and the intensity at 2800Å. Only
the locations where the O I 1355Å intensity is larger than
10 DN are included, within the plage region that is within the
red contours in the bottom panel of Figure 18. By introducing
the threshold for O I 1355Å intensity we ensure that the
resulting line widths included in the JPDF are not significantly
affected by noise.
As we can see, the locations of the highest broadening occur

at lower values in photospheric intensity. The locations with
the highest photospheric intensity (bright points) show
moderate levels of broadening. The lowest broadening occurs
at the edge of the plage regions, as seen in the top panel of
Figure 17. The scatter plot thus supports our finding that the
locations of highest line broadening occur in locations with the
lowest values of 2800Å intensity within plage regions, i.e.,
those in between photospheric bright points. We note that the
broader range of values for the O I 1355Å broadening at lower
2800Å intensities is not a signature of noise, as the noise in
determining the line width depends on the O I 1355Å intensity
(not the photospheric intensity). If noise were behind this issue,
then we would expect a correlation between decreased
O I 1355Å intensity and decreased photospheric intensity. That
is not the case, as can be seen in the bottom two panels of
Figure 17.

Figure 16. Comparison between the SST Fe I 6173 Å magnetogram raster (middle) and the IRIS O I intensity (left) and line width (right), taken on 2015 September
09. The magnetogram synthetic raster has been constructed from a magnetogram time series by matching with IRIS raster timings and locations. The O I 1355 Å
intensity is scaled between 2 and 30 DN. Regions with bad fits and/or low peak counts (below 5 DN) are masked out in the O I 1355 Å line-width map. This figure is
accompanied by an animation with the same layout as the figure, except it shows in the middle panel a time sequence of magnetograms. Short vertical bars at the top
and bottom of each panel in the animation indicate, for each time step, the location of the IRIS raster step (left and right panels) at the time of the magnetogram shown
in the middle panel. The time in the animation is expressed in seconds after 2015-09-09:00:00 UTC.

(An animation of this figure is available.)
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It is also noteworthy that the O I 1355Å line broadening map
does not show a good correlation or anticorrelation with any
other width or intensity measure of other chromospheric or TR
lines. There are perhaps a few locations where there is some
correspondence with Mg II k line broadening, but this is not the
general trend (see Figures 1 and 3).

This begs the question of what causes this anticorrelation.
Several scenarios come to mind. First, the area between
photospheric bright points in the plage is the region where the

magnetic field canopy is expected to occur, as seen in both
observations (e.g., de la Cruz Rodríguez 2019) and numerical
simulations (e.g., Hansteen et al. 2006). While the magnetic
field is expected to be mostly vertical directly above photo-
spheric flux concentrations, it is expected to be significantly
more inclined with respect to the vertical in the regions where
the canopy forms, i.e., the locations where we find the highest
O I 1355Å line broadening. This is particularly the case at low
chromospheric heights where the transition occurs from high to

Figure 17. For NOAA AR 12902 on 2015 September 26, the O I 1355 Å line width in km s−1, the intensity at 2800 Å (formed in the photosphere), and the O I 1355 Å
intensity. Black contours are based on intensity thresholding of photospheric bright points in the 2800 Å spectroheliogram. The O I 1355 Å intensity is scaled from 3
to 40 DN.
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low plasma β. The O I 1355Å line is thought to be sensitive to
the electron density, with the formation height covering the low
chromospheric regions in particular.

But why would a heavily inclined magnetic field lead to
enhanced O I 1355Å line broadening? The line width is
determined by three contributors. The instrumental broadening,
which does not vary significantly across the FOV; the thermal
broadening, which depends on the local temperature, and the
unresolved motions along the LOS (“nonthermal” broadening).
If increased heating (i.e., higher temperatures) were to occur in
the chromospheric canopy region between photospheric bright
points, it would be expected to lead to enhanced electron
densities. This, in turn, would cause enhanced O I 1355Å
intensities, as this optically thin line scales with the square of
the electron density. However, such a correlation is not
observed in our data (top and bottom panels of Figure 17).

This leaves the possibility that enhanced nonthermal
motions, either in the form of unresolved macroscopic motions
along the LOS, or in the form of microscopic turbulence, are
the cause of these enhancements in line broadening. It is
tempting to speculate that this may be caused by one (or both)
of two scenarios. The first is one in which strong Alfvénic
wave and/or vortical motions (i.e., perpendicular to the
magnetic field direction) are ubiquitous in plage and register
in the O I 1355Å line broadening only when the magnetic field
direction is more inclined from the line-of-sight vector. In a
disk-center observation like the one considered here, such
enhanced vortical motions or Alfvénic wave power would thus
be most visible in between photospheric bright points. This is
an intriguing scenario given the evidence from the center-to-
limb variation in line broadening that Alfvénic waves play a
key role in explaining the strong increase in line broadening
off-limb. These observational findings may also be compatible
with recent suggestions from numerical simulations that
vortical motions in the photosphere are ubiquitous and often
propagate into the low atmosphere (e.g., Moll et al. 2011;
Yadav et al. 2021; Breu et al. 2023). However, it is not fully
clear whether these recent modeling results are fully compatible
with our observations. In particular, the lack of correlation
between locations of enhanced line widths and O I 1355Å
intensity in observations does, at first blush, not seem to be
fully compatible with a scenario in which the vortices lead to
increased heating in the plage chromosphere (Yadav et al.
2021). This is because one would expect that such heating
leads to enhanced O I 1355Å densities and thus intensities.
Detailed studies of synthetic O I 1355Å profiles are required to
further investigate this.
An alternative possibility is that there are strong velocity

gradients at the interface of flux concentrations. These could,
for example, occur because of the LOS overlap between
upward propagating shocks on neighboring flux concentra-
tions. Such shocks are ubiquitous in plage and drive strong
flows along dynamic fibrils (Hansteen et al. 2006). Perhaps a
combination of both effects plays a role. Detailed comparisons
with advanced numerical simulations of the chromosphere are
required to further investigate these scenarios.

6. Conclusions

We have analyzed the properties of the O I 1355Å spectral
line, which is unique in that it is regularly observed with IRIS,
optically thin, and formed in the chromosphere. We find that
the line shows properties that are different from other spectral
lines formed in the chromosphere. We find that intensities are
strongest in plage and network regions and in the proximity of
neutral lines where magnetic fields of opposite polarity are in
close contact. Our data suggests that the O I 1355Å intensity is
often increased and appears to be very sensitive to the effects of
cancellation and emergence of magnetic flux. Because of the
optically thin nature of the O I 1355Å line, this indicates that
electron densities are locally enhanced, a signature of heating in
the chromosphere. We also see a significant increase in the
O I 1355Å intensities at the solar limb, as expected for an
optically thin spectral line from the increased line-of-sight
superposition of different structures. We find evidence for
O I 1355Å intensity structures being associated with shocks in
plage and network, as well as spicules, with some similarities to
counterparts at low TR temperatures that are visible in
Si IV lines.

Figure 18. For NOAA AR 12902 on 2015 September 26, the JPDF (top panel)
between the O I 1355 Å line width in km s−1, and the intensity at 2800 Å
(formed in the photosphere) for a subset of the plage region studied in
Figure 17. The JPDF only includes locations for which the O I 1355 Å intensity
is larger than 10 DN (to avoid noisy profiles with uncertain or inaccurate line
widths) and for locations that are within the red contours shown in the
spectroheliogram at 2800 shown in the bottom panel.
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The O I 1355Å line width offers a unique view of the
unresolved or nonthermal motions in the chromosphere, a
quantity that is otherwise difficult to directly determine,
requiring inversions of optically thick spectral lines whose
formation is subject to non-LTE radiative transfer effects. We
find, for both active regions and the quiet Sun, that the line
width modestly increases toward the limb, and along spicule-
like structures that protrude away from plage and network flux
concentrations. The modest center-to-limb variation suggests
that there are unresolved motions both along the magnetic field
and across the magnetic field, with the latter being stronger.

Off the limb, the line broadening rapidly increases,
compatible with a scenario in which turbulent, Alfvén-wave
or vortical motions perpendicular to the magnetic field
dominate the line width, as they propagate upward with a
roughly constant flux along spicular structures in which the
density decreases with height.

The presence of strong vortical or Alfvénic motions in plage
are further supported by a curious but significant enhancement
of the line width in between photospheric flux concentrations
when viewed close to the disk center. These results are
compatible with the combined impact of inclined canopy fields
and enhanced motions perpendicular to the magnetic field on
the O I 1355Å line width. Such inclined fields are expected to
occur in between photospheric flux concentrations, while
enhanced motions perpendicular to the field are predicted by
various numerical simulations of vortices and Alfvén waves in
the plage. However, the lack of obvious correlation between
the enhanced line width and O I 1355Å intensity is not
immediately compatible with the enhanced heating expected
from vortices.

Our observations provide strict constraints on models of the
chromosphere.
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