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ABSTRACT

Loops are fundamental structures in the magnetized atmosphere of the sun. Their
re. Tra

d. With spectral data of the
line pair of O1v 1399.8 A & 1401.2 A (T4, = 1.4 x 10° K) of 23 transition region loops obtained by
IRIS, we carry out the first systematic analyses to their loop lengths (L), electron densities (n.) and
effective temperatures. We fi

ely. At

a significan regression analyses show that the

while the dependences of electron densities on effective
temperatures and that on the line intensities are not obvious. T
ts. Further studies on the
theoretical aspect based on the physical parameters obtained here are of significance for understanding
the nature of transition region loops.
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1. INTRODUCTION

The magnetized solar upper atmosphere consists of various types of loops those are manifestations of plasma confined
by magnetic field (Del Zanna & Mason 2003; Fletcher et al. 2015). Based on their temperatures, loops are normally
classified into hot loops (= 2 x 10° K), warm loops (1 - 2 x 10% K) and cool loops (10° - 10° K), which are normally
associated with different dynamic natures and/or heating profiles. Since loops are structures standing out from the
ambient atmosphere, they can be well traced in the observations and their dynamics have been important objects for
studying the nature of the mass and energy transportation in the solar atmosphere (Reale 2014).

Physical parameters of loops, such as velocity, density and temperature, are directly related to their pressure and
radiative properties, and the distributions of these parameters along the length of a loop depend on the nature of
heating therein. An empirical scaling law demonstrated by Rosner et al. (1978) shows that maximum temperatures,
pressures and lengths of hydrostatic coronal loops are subjected to a unique equation without any other free parameters.
Such a scaling law is in favor of coronal heating models involving coronal magnetic field (Rosner et al. 1978). Many
more studies involving simulations and/or observations have confirmed that these physical parameters are crucial for
unraveling the behaviours of heating and dynamics in loops (see Priest et al. 1998; Klimchuk 2006; Patsourakos et al.
2007; Warren et al. 2008; Klimchuk et al. 2008; Viall & Klimchuk 2013; Chitta et al. 2017; Polito et al. 2018; Hou et al.
2021b; Chen et al. 2022; Chitta et al. 2022, etc.). By comparing the results of a 1D hydrodynamic simulation and
IRIS observations, Polito et al. (2018) concluded that the response of loops in transition region emissions depends on
the initial conditions, including temperature and density.
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Coronal loops, which have temperatures at an order of a million Kelvin, have been studied intensively since their
discoveries by early rocket missions in the 1970s (Tousey et al. 1973). With data from the Extreme-Ultraviolet Imag-
ing Telescope (EIT), Aschwanden et al. (2001) analyzed geometries, densities and temperatures of 30 coronal loops.
They concluded that steady state solutions for nonuniformly heated loops exhibit distinct characteristics compared
to uniformly heated loops and that the pressure and density in nonuniformly heated loops are higher than those in
uniformly heated loops by a factor up to two orders of magnitude. By analyzing 67 loops with a wide range of apex
temperatures and half-lengths observed by either the Transition Region and Coronal Explorer (TRACE) or the Soft
X-Ray Telescope (SXT), Winebarger et al. (2003) found that static models with uniform heatings cannot explain the
observed densities of both cool (<3 MK) long loops and hot (>3 MK) short loops. The physical parameters of coronal
loops have been studied in the era of SOHO, Hinode and STEREOQO. Ugarte-Urra et al. (2005) found that electron den-
sities along a coronal loop decrease from 1.4 x 10° cm™2 at the footpoint to 0.9 x 10° cm™2 at the loop top. Based on
emission measurement method, Aschwanden et al. (2008) found electron densities of (2.240.5) x 10° cm =2 at the bases
of seven coronal loops. For one active region loop observed by the EUV Imaging Spectrometer (EIS), Tripathi et al.
(2009) found from the region near its footpoint toward its apex the temperatures and electron densities vary from
0.8 MK to 1.5 MK and from 10 cm ™3 to 108-° cm ™3 | respectively. With EIS data, Xie et al. (2017) derived densities,
temperatures, filling factors, nonthermal velocities and magnetic strengths of 50 active region loops, and they found
that most of the loops were in a state of overpressure compared to the prediction of Rosner et al. (1978), giving a
constraint to a heating model.

Transition region loops, which have temperatures from tens of thousands to hundreds of thousands of Kelvin,
are usually difficult to identify owing to their dynamic nature, strong radiative background and line-of-sight (LOS)
contamination from other features. However, transition region loops with temperatures below 10° K can contribute
significantly to the EUV output of the solar transition region (Feldman 1983; Dowdy et al. 1986; Feldman 1987; Dowdy
1993; Feldman 1998; Feldman et al. 2001; Sasso et al. 2012). In spectral observations of OV (2.5 x 10°K) and O v1
(3.2x10°K) from the Solar Ultraviolet Measurements of the Emitted Radiation (SUMER) instrument and the Coronal
Diagnostics Spectrometer (CDS) instrument onboard SOHO, transition region loops could show line-of-sight velocities
from a few tens to a hundred kilometers per second (Brekke et al. 1997; Kjeldseth-Moe & Brekke 1998; Chae et al.
2000; Di Giorgio et al. 2003; Teriaca et al. 2004; Doyle et al. 2006). High-resolution observations of loop structures
in the H1 Ly« line taken with the Very High Angular Ultraviolet Telescope suggest that regions with temperatures
within 1 — 3 x 10*K and pressures within 1 — 3 x 1072 Pa are suitable for the low-temperature ends of cool loops
(Patsourakos et al. 2007; Vourlidas et al. 2010).

Observations taken by the Interface Region Imaging Spectrometer(IRIS, De Pontieu et al. 2014) in the past decade
provide an opportunity for in-depth studies to transition region loops (Tian 2017; Huang et al. 2019a; De Pontieu et al.
2021). Huang et al. (2015) reported on the first IRIS observations of a group of dynamic transition region loops
with cross-sections ranging from 382 to 626 km. They discovered clear evidence of siphon flows with velocities of
10-20kms~! in those loops starting from the footpoints with significant magnetic cancellations, where impulsive
heatings are suggestive to take place. Transition region loops could be abundant in a flux-emerging region, where
magnetic reconnection events frequently occur and magnetic geometry is reforming (Peter et al. 2014; Huang et al.
2015; Tian et al. 2016; Huang 2018). Transition region loops might also form together with coronal loops in the
same region, and that creates a complex mass and energy exchanging system in the solar atmosphere (Huang 2018;
Huang et al. 2019b; Gupta & Nayak 2022). The extreme dynamic nature of transition region loops has also been
confirmed by many other IRIS observations (Huang et al. 2017; Rao et al. 2019; Hou et al. 2021a).

Although the dynamic nature of transition region loops has been studied widely in the past decade, electron densities
of transition region loops remain to be a missing piece of the puzzle. The main reason is that the spectral lines suitable
for density diagnostics in IRIS observations are too weak and there is a lack of suitable data. In the present study, we
focus on this issue and dig out a few IRIS datasets that allow us to perform good diagnostics to electron densities of
transition region loops. In the following, we describe the observations and data analyses in Section 2, present results
and discussion in Section 3 and give conclusions in Section 4.

2. OBSERVATIONS AND DATA ANALYSES

In this study, we analyze five IRIS datasets, which all are taken in the dense raster mode. The details of the datasets
are given in Table 1. The first three datasets were targeting more or less the same region on the sun, but the selected
loops are varied because the transition region loops evolve fast. The IRIS data analyzed here are level-2 products, on
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Table 1. Summaries of the datasets and corresponding loop numbers analyzed in the present study.

Data Date and time FOV center Raster SJI Loop
set (X,Y) step size | exposure time | slit pixel | Cadence | pixel size | Number
1 2013.12.27 19:23-19:57 | 316" -268" 0.35" 4.0 s 0.167" 10 s 0.167" 1-6
2 2013.12.27 21:02-21:36 | 324" ,-270" 0.35” 4.0s 0.167" 10 s 0.167" 7-11
3 2013.12.27 22:38-23:11 | 338" -267" 0.35” 4.0 s 0.167" 10 s 0.167" 12-13
4 2014.07.01 19:55-20:57 18",134" 0.35" 8.0s 0.167" 39 s 0.167" 14-19
5 2014.08.05 21:57-01:29 | 108" ,-390" 0.35" 30.0 s 0.167" 132 s 0.167" 20-23
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Figure 1. Overviews of the transition region loops (green dashed lines denoted by numbers) selected for analyses as seen in
the Si1v1402.8 A raster images. The yellow box in panel (b) denotes the area of the sunspot and those in panel (d) denote the
areas of plage (the upper box) and pores (the lower box), which are determined by the SiIv emission and also the continuum
around 2832 A (images not shown).

which dark current removal, flat-field, geometrical distortion, orbital and thermal drift corrections have been applied.
In addition, we apply the radiometry calibration with the procedures described in the technical note ITN24 provided
on the IRIS official website.

Transition region loops are visually identified from the raster images of both Si1v 1402.8 A and O1v 1401.2 A and the
slit-jaw (SJ) images taken in the 1400 A channel. In Figure 1 and Figure2, we show Si1v 1402.8 A (T)nae = 8 x 10*K)
and O1v 1401.2A (Trmaz = 1.4 x 10° K) raster images of the regions. We can see that loops in these regions as seen
in the two lines are well consistent, which is reasonable because both of the two lines are formed in the low transition
region. Because the difference in the formation temperatures of Si1v and O 1V is still significant, we select those loops
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Figure 2. Same as Figure 1, but for the O1v1401.2 A raster images.

that can be clearly seen in both raster images. Thanks to the SJ data, we can trace the evolution of these loops
and from that, we are able to locate their footpoints. We would like to mention that transition region loops are very
dynamic, and for each loop the spectrograph usually captures only a part of it rather than the full length. Therefore,
the full lengths of the loops shown as green dashed lines in Figures 1& 2 are obtained from tracing their evolutions in
the SJ data, and for each loop only the part captured by the spectrograph is used for the spectroscopic analyses. To
derive electron densities of the transition region loops, we use the line pair of O1v1399.8 A and 1401.2 A that their
line ratio is sensitive to electron density (Young 2015). Because the emissions of O1v 1399.8 A lines are weak, not
all transition region loops present in the forementioned raster images can be analyzed and only those having good
signal-to-noise ratio in both O1v lines are selected for further analyses. The selected transition region loops (23 in
total) are marked and denoted in Figure 1 and Figure2 and also listed in Table 1 after the corresponding datasets.

Because the background might provide a significant contribution to the total emissions, this contribution must be
subtracted. However, the background subtraction, which is normally achieved along the loop length, is not easy for
the transition region loop here, because the ambient region is full of dynamic structures. Here, for each dataset, we
performed a background subtraction with the following steps: (1) remove pixels of spike, blank and fiducial marks
from the O 1v 1401.2 A spectral data; (2) extract the peaks of the O1v 1401.2 A spectra for the rest of pixels; (3) derive
the mean (1) and standard deviation (o) of the O 1v 1401.2 A peaks; (4) extract those pixels whose peak intensities fall
within I 4 o; (5) obtain the background spectrum by averaging those from the pixels given in step (4). The obtained
background spectrum is then subtracted from the loop spectra selected in the same dataset. The emissions from
these loops are found to be 3-40 times that of the background (see Table2), indicating that they are much brighter
structures than the ambient transition region.

As an example, in Figure 3 we show our analyses to loop No. 15. The region containing the loop in SJ 1400 A image
is shown in panel (a). Because only part of the loop might be bright in a certain snapshot, we have to determine its
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full apparent length (L) and footpoints by following its evolution in these SJ images (see an example in panel(a)).
The separation of the two footpoints (D) of a loop is also achieved. Because the O1v emissions (especially the
forbidden line at 1399.8 A) are too weak, for most of the selected loops, to have a good signal-to-noise ratio we have
to produce the mean spectrum for each loop by averaging all pixels along its loop length. In this way, although we
ignore the variation of density along a loop, it should still have physical significance because transition region loops
are dynamic and often filled with quasi-steady siphon flows (Huang et al. 2015) that facilitate material mixing along
the loop and thus lead to nearly equal densities. In one case that allows detailed analyses along the loop length, we
confirm that densities along a transition region loop are more or less constant (see more details in Section3). The
pixels along a loop used for spectroscopic analyses are selected manually on the raster images (panel (b)) with the
help from the SJ images, on which we can identify where and when the slit is scanning the loop. Single Gaussian
fits are then applied to the background-subtracted mean spectra to obtain the peak intensity (I,), line centroid (Ag)
and line width (w) of each of the O 1v line profiles (panel (c)). The line ratio of O1v 1401.2 A to 1399.8 A is given as
r = (Ip,1401.2W1401.2) / (Ip,1399.8W1399.8). The theoretical curve of line ratio vs. electron density (ne) given by version 10
of CHIANTI database (Dere et al. 1997; Del Zanna et al. 2021) is shown in panel (d), from which we can derive the
mean electron density of a transition region loop by using the observed line ratio as described above.

Assuming that the line width results only from the instrumental broadening (0.026 A) and thermal broadening, we
also derive the effective temperatures of each transition region loop based on the spectral lines of O1v 1401.2 A and
Sitv1402.8 A (Trae = 8 X 10% K), which are denoted as T.rs1 and T.fso, respectively. These effective temperatures
represent the velocity distributions of the corresponding ions in the plasma (Tu et al. 1998). For further discussion on
the obtained effective temperatures, we calculate the equilibration time for ion and electron temperatures that is given
by Spitzer (1962) and expressed as

1587277
7'eq - Wv

where 7.4 has a unit of s, T, is electron temperature in a unit of Kelvin that is treated as the maximum formation
temperature of the ion (T, = 1.4 x 10° for O1v), n, is the electron density in a unit of cm~3, and Z is ion charge that
is 3 for O1v.

The O1v 1399.8 A might be blended by Fe 111399.96 A (Young 2015). The mean line profiles of all the loops have been
checked manually. We found the blending is negligible and they could be well fitted by single Gaussian functions. To
further confirm this result, the separation between the line centroids of O 1v 1399.8 A and 1401.2 A (A)y) is measured.
If the measured A)g is not too much away from the theoretical one (1.39A as given by CHIANTI), the blending of
Fe111399.96 A is negligible (private communication with Dr. Peter Young).

3. RESULTS AND DISCUSSION

In Table2, we list the parameters measured from 23 transition region loops, including the separation between
O1v 1399.8 A and 1401.2 A line centers (A)p), the ratio between the loop intensity and the background intensity
(Tioop/Iack), €lectron density (n.), spatial separation between the two footpoints of a loop (D), the apparent loop
length (L), effective temperatures (Tesp1 and Terf2) and electron-ion equilibration time (7.4) of each loop. The values
of A)g are close enough to the theoretical one (i.e. 1.39A), indicating that the emission of Fe1 1399.96 A is weak
in these loops and its blending effect is negligible. This also suggests that these loops might not have chromospheric
counterparts at the same locations.

The electron densities of these loops are in a range of 8.9 x 10°-3.5 x 10 cm™3. The difference in electron density
among these loops is more than an order of magnitude, showing that the transition region loops are a diverse group of
structures in the solar atmosphere. The lengths of these loops are in a range of 8-30 Mm, which are similar to those
of coronal bright points (Huang et al. 2012) and much shorter than normal coronal loops (Reale 2014). The ratios of
D/L are in a range of 0.81-1, while most (19/23) of them are larger than 0.9. These ratios could be affected by both
the projection effect and/or the real geometries of these loops.

The effective temperatures (T.s1) of these loops derived from O1v 1401.2 A are in a range of 1.9 x 10°-1.3 x 106 K.
These are significantly higher than the formation temperature of the ion. While the effective temperature represents
the velocity distribution of ions and the formation temperature represents that of the electrons, the difference between
the two indicates an imbalance between ions and electrons. To assess whether there is a temperature imbalance, we
calculate the equilibration time between ion temperature and electron temperature (7.4) for each loop. We found 7,
for these loops are in a range of 3.0 x 1073-1.0 x 10~ 's.
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Figure 3. An example showing the analyses to a transition region loop (No. 15). Overview of the loop in SJ 1400 A image
is shown in panel (a), on which we follow its evolution and determine its two footpoints (denoted by asterisks). The distance
between the two footpoints (D) is then obtained (white dashed line). The overview of the loop region observed by spectrograph
with Si1v 1403 A is shown in panel (b). Please bear in mind that the SJ image shown in panel (a) was taken at a single time while
the image in panel (b) was taken in a raster mode, and thus many dynamic features appearing in (a) might not show in (b) and
vice-versa. The dotted line denotes the location of the loop, from which we produce the mean spectral profiles of O 1v1399.8 A
and 1401.2 A as shown in panel (c). In panel (c), the black line is the background-subtracted spectra, while the orange lines are
the results of Gaussian fits to each of the O1v spectral profiles. The theoretical relation between electron densities and the line
ratio of O1v 1401.2 A to 1399.8 A is given in panel (d). The theoretical relation is obtained from version 10 of CHIANTI.
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Table 2. Parameters derived from the O 1V spectral data for the studied transition region loops. A\g is the separation between
the line centers of O1v 1399.8 A and 1401.2 A. Tio0p/Ivack is the ratio between the loop intensity and the background intensity
of O1v1401.2 A. n. is electron density. D is the distance between the two footpoints of a loop. L is the length of a loop on the
projected plane. Tess1 is effective temperature obtained from the O1v 1401.2 A. Tesro is effective temperature obtained from
the Si1v 1402.8 A. Teq is equilibration time for ion temperature and electron temperature.

Loop | AXo (A) | Tioop/Tpack | e (cm ~3) | D (Mm) | L (Mm) | Togr1 (K) | Toppa (K) Teq (S)
1 1.38 17.97 7.6 x 10%° 8.64 9.33 6.4 x 10° | 8.8 x 10° | 1.2 x 1072
2 1.40 9.52 5.2 x 10%° 10.21 12.16 | 4.0 x 10° | 5.2 x 10° | 1.8 x 1072
3 1.39 12.51 1.0 x 10 8.42 9.14 3.2 x 10° | 5.4 x 10° | 9.0 x 1073
4 1.38 7.18 9.0 x 10*° 9.69 9.90 9.4 x 10° | 1.1 x 10° | 1.0 x 1072
5 1.39 7.26 1.3 x 10M 20.04 2150 | 4.2 x10° | 5.1 x 10° | 7.0 x 1073
6 1.39 7.25 3.5 x 101° 11.20 11.28 | 2.0 x 10° | 4.2 x 10° | 2.6 x 1072
7 1.38 6.01 1.1 x 10! 19.50 20.77 | 1.3 x 10° | 2.3 x 10° | 8.0 x 1072
8 1.41 8.40 6.8 x 10'° 10.02 10.04 | 2.7 x 10° | 3.3 x 10° | 1.4 x 1072
9 1.38 8.61 5.7 x 10%° 20.23 20.83 | 3.8 x10° | 5.8 x 10° | 1.6 x 1072
10 1.41 7.09 3.0 x 10%° 13.15 13.32 | 6.7 x 10° | 5.3 x 10° | 3.1 x 1072
11 1.39 8.57 6.6 x 10'° 7.93 8.03 2.5 x 10° | 4.7 x 10° | 1.4 x 1072
12 1.39 7.84 5.1 x 10*° 11.71 11.80 | 4.9 x 10° | 6.8 x 10° | 1.8 x 1072
13 1.38 13.03 6.1 x 10'° 8.89 9.02 2.9 x 10° | 4.5 x 10° | 1.5 x 1072
14 1.39 15.25 3.5 x 101! 10.00 10.42 | 6.8 x 10° | 1.3 x 10° | 3.0 x 1073
15 1.40 13.38 3.5 x 10%° 24.12 2964 | 4.2 x10° | 6.2 x 10° | 2.7 x 1072
16 1.39 13.34 1.1 x 10M 22.15 25.09 |52 x 10° | 8.4 x 10° | 8.0 x 1073
17 1.38 13.54 1.0 x 10! 9.14 9.16 2.7 x 10° | 5.6 x 10° | 9.0 x 1072
18 1.40 14.71 1.0 x 10! 9.34 9.42 4.7 x 10° | 8.0 x 10° | 9.0 x 1072
19 1.38 43.89 3.1 x 10 14.93 17.46 | 6.9 x 10° | 1.3 x 10° | 3.1 x 1072
20 1.38 6.41 1.0 x 10 21.29 2216 |29 x 10° | 3.8 x 10° | 9.4 x 1072
21 1.38 3.51 2.9 x 10 18.70 19.00 | 1.9 x 10° | 2.2 x 10° | 3.2 x 1072
22 1.38 3.63 8.9 x 10° 15.60 16.14 | 5.7 x 10° | 5.7 x 10° | 1.0 x 107!
23 1.39 3.12 1.1 x 10! 9.13 9.71 3.5 x 10° | 5.8 x 10° | 8.0 x 1072
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Figure 4. Scatter plots of the studied transition region loops depicting the electron density vs. loop length (a), effective
temperature obtained from the O1v 1401.2 A (b) and the total fitted intensity of O1v1401.2 A (c). The error bar of each data
point is derived from the uncertainty given in the Gaussian fits of the O 1v profiles. The parameters given by the linear regression
analyses, including the slope, correlation coefficient (cc) and F-statistic (F-value), are also listed. The red solid lines show the
linear functions given by the regression analyses.
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Figure 5. (a): overview of loop No. 15 in IRIS Si1v raster image. The full loop is divided into eight segments as denoted as
1-8. The average spectra of these segments are shown as black lines in panels (b)—(i), on which the orange lines represent the
Gaussian fits of O1v1399.8 A and 1401.2 A.

With inspections of SJ 1400 A observations, we found that the variations of these loops have timescales of tens to
hundreds of seconds. These timescales are much larger than the equilibration times by a factor of a few orders of
magnitude, and thus equilibrium between ions and electrons should be satisfied in these loops. On the other hand,
the exposure times of these observations are two to three orders of magnitude larger than the equilibration times and
any transient nonequilibrium would not be resolved in the obtained spectra. Therefore, while the observed effective
temperatures generally exceed the formation temperature of the ion, it suggests that nonthermal motions (such as
randomly oriented reconnection jets, waves, turbulence, etc.) are significant in the selected loops.

For a comparison, the effective temperatures obtained from Si1v 1402.8 A (Tesr2) are also listed in Table 2. Overall,
we found that the effective temperatures of Si1v are higher than those of O1v. T,fr9 is 1 ~ 2 times of T,f¢;. This
relation suggests that heating processes (described by nonthermal motions) at 8 x 10* K are more significant than
those at 1.4 x 10° K. These results should be taken into account for any further theoretical studies on the heatings of
these loops.
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Figure 6. The variations of electron densities (a), effective temperatures (b) and the total fitted intensities of O 1v1401.2 A (c)
along the loop No. 15. The zero loop positions (s = 0) start from the south footpoint of the loop. The error bar of each data
point is derived from the uncertainty given in the Gaussian fits of the O 1v profiles.

Figure4 (a), (b) and (c) show the distributions of these loops in the spaces of logip(ne) vs. logio(L), logip(ne) vs.
logio(Ters1) and logio(ne) vs. logio(l1401.2) ([1401.2 is the total fitted intensity of O1v1401.2 A), respectively. We
found that correlation coefficients between these three pairs of parameters are 0.37, 0.20 and 0.27, which are relatively
low. In order to examine whether there is any trend in these distributions, we apply linear regression analyses and
the obtained functions are drawn as red solid lines in Figure4. The F-statistic for the goodness-of-fit is then obtained,
from which an F-test is then applied. At a significant level of 90%, an F-statistic has to be more than 2.961 to accept
the obtained linear model. From the results, we can tell there is a linear correlation between logig(n.) and logio(L),
and the regression analysis shows a relation of logig(n.) o« —0.78log19(L). The linear coefficient has a one-sigma error
of 0.42. For the relations of logi9(ne) vs. Terp1 and logio(ne) vs. logio(L1401.2), the obtained regression models are
unlikely to be accepted.

The relation of logig(ne) vs. logio(L) is sensitive to heating status of loops (Rosner et al. 1978; van Ballegooijen et al.
2011; Bourdin et al. 2014; Bradshaw et al. 2019). Based on the assumption of energy balance among heating, conduc-
tion and radiation in hydrodynamics static loops, Rosner et al. (1978) derived that maximum temperature (Th,qz),
pressure (p) and size (L) of coronal loops satisfy Tinax ~ 1.4 x 103(pL)'/3. Assuming that T}, is the same for all loops
of a group, one would obtain n, oc L~!. By analyzing 30 active region loops based on a novel dynamic stereoscopy
method, Aschwanden et al. (1999) found that pressures and lengths of the loops satisfy p oc L=041#0-12 With a 3D
MHD model, Bourdin et al. (2014) successfully reproduce coronal loops similar to observations, and from the output
of their numerical experiments they found electron densities and lengths of coronal loops have a relation of n. oc L=3/7.
The exponent found here (—0.78 + 0.42) is significantly different from those of coronal loops reported previously.

This indicates that the transition region loops and the ways they are being heated might differ from their coronal
counterparts. Studies have also shown that such a relation could be fundamentally different in coronal loops while
considering different mechanisms of thermal conduction (Bradshaw et al. 2019). The dynamic nature in transition
region loops as studied here can easily introduce differences in the ways of conduction and thus lead to a relationship
as found. Moreover, the density of a transition region loop could be affected by many other factors under a dynamic
condition, and it is reasonable that they do not follow hydrostatic law.

The relation between electron densities and effective temperatures is not significant, suggesting that the electron
density of a transition region loop is not strongly depended on the heatings. Such a relation could be rational because
transition region loops are relatively dynamic and thus their densities are affected by many other factors, such as the
sources of siphon flows, the stages of their emergence, the influence of the surrounding features, etc. We also calculate
the effective temperatures from the background spectra (see descriptions on background subtraction for the definition)
and three typical areas of the ambient transition region, including a plage, a pore and a sunspot (see Figure1). The
T.f 1 of the background spectra is about 5 x 10° K, and those for plage, pore and sunspot are 4.9 x 10°K, 2 x 105K
and 3.2 x 10° K, respectively. The effective temperatures of many transition region loops are not obviously different
than these typical regions.

The weak correlation between electron densities and line intensities may be attributed to the facts that emissions of
the spectral line in the transition region are affected by many complex processes. For example, collisional processes
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(ionisation/recombination and excitation/de-excitation), photoionization and double electron recombination all have
complex dependence on density. Any of these processes might actually work in these transition region loops.

One case, No. 15 loop, is bright enough and we can carry out electron density diagnoses for subsections along
its length. In Figure5, we show the overview of the loop that is divided into eight segments (panel (a)) and the
mean spectra from these segments (panels (b)—(i)). The variations of electron densities, effective temperature and
O1v intensities along the loop are shown in Figure6. One can see that there is no obvious trend in the variation of
densities and intensities (Figure 6(a)&(c)). This relatively constant electron density along this loop confirms that the
averaged density could be representative of those along a transition region loop. More studies are certainly needed in
the future, especially the coming EUVST and MUSE might shed more light on this issue using other spectral line-pairs
with stronger emissions. In contrast, the variation of effective temperature shows clearly that effective temperature is
decreasing from the footpoints to loop top. This demonstrates that heating of this loop concentrates at its footpoints,
being consistent with the IRIS SJ observations.

4. CONCLUSIONS

Loops are fundamental structures of the solar atmosphere. Their physical properties are sensitive to heating processes
therein and thus are crucial for understanding their natures. Transition region loops are an important class of loops,
but so far there is not any systematic study on their physical parameters, especially the electron density. In this
paper, using IRIS spectral data of O1v 1399.8 A and 1401.2 A we report on diagnoses of electron densities, effective
temperatures, loop lengths and emissions to 23 transition region loops. Furthermore, we analyze the relations between
these parameters that can be used for comparison with potential numerical experiments in the future.

With these observations, the projected lengths (L) of these loops are found to be in the range of 8-30 Mm. While the
distance between two footpoints (D) of each loop is also measured, we found that the ratios of D/L are in the range
of 0.81-1. The electron densities (n.) of these loops range from 8.9 x 10 cm =3 to 3.5 x 10 em ™2, and the effective
temperature obtained from O1v (T.f¢1) are in the range of 1.9 x 10°-1.3 x 10°K those are significantly larger than
the formation temperature of the ion. The equilibration times between the ion temperature and electron temperature
of these loops are in the range of 3.0 x 1073-1.0 x 10~ ! s, much smaller than the timescales of the loop evolution and
also the exposure times by factors of a few orders of magnitude, giving evidence that the two temperatures should be
in balance in these loops. Therefore, the nonthermal motions in these loops should be significant and they account
for the exceeded effective temperatures. We also found that the effective temperatures obtained from Si1v are overall
larger than those from O 1v, suggesting that in these loops nonthermal motions at 8 x 10* K are more significant than
those at 1.4 x 10° K.

The relations among electron densities (n.), loop lengths (L), effective temperature and the total line intensity of
O1v1401.2 A are analyzed. By applying regression analyses, at a 90% significant level we can tell that the relationship
between electron densities and loop lengths is n. oc L~=078%042 where n, and L have units of cm™3 and Mm,
respectively. The analyses also show that the dependences of electron densities on effective temperatures and on line
intensities are not obvious.

In one transition region loop that allows detailed analyses, we found that the variation of electron densities along
the loop length is not obvious while effective temperatures at the footpoints are clearly larger than those near the loop
apex. These results suggest that heating to this loop concentrates on its footpoints while the heated plasma can be
redistributed along the loop very efficiently.

These observations suggest that transition region loops are significantly different than their coronal counterparts.
The physical parameters obtained here should be a good start for further numerical experiments to understand the
natures of many interesting patterns in transition region loops, such as siphon flows (Huang et al. 2015) and decayless
oscillations (Gao et al. 2024).
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