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Abstract
Large coronal loops around one solar radius in altitude are an important connection between
the solar wind and the low solar corona. However, their plasma properties are ill-defined,
as standard X-ray and UV techniques are not suited to these low-density environments. Di-
agnostics from type J solar radio bursts at frequencies above 10 MHz are ideally suited to
understand these coronal loops. Despite this, J-bursts are less frequently studied than their
type III cousins, in part because the curvature of the coronal loop makes them unsuited
for using standard coronal density models. We used LOw-Frequency-ARray (LOFAR) and
Parker Solar Probe (PSP) solar radio dynamic spectrum to identify 27 type III bursts and
27 J-bursts during a solar radio noise storm observed on 10 April 2019. We found that their
exciter velocities were similar, implying a common acceleration region that injects elec-
trons along open and closed magnetic structures. We describe a novel technique to estimate
the density model in coronal loops from J-burst dynamic spectra, finding typical loop apex
altitudes around 1.3 solar radius. At this altitude, the average scale heights were 0.36 solar
radius, the average temperature was around 1 MK, the average pressure was 0.7 mdyn cm−2,
and the average minimum magnetic field strength was 0.13 G. We discuss how these param-
eters compare with much smaller coronal loops.

Keywords Energetic particles · Electrons · Magnetic fields · Corona · Radio emission ·
Radio bursts

1. Introduction

During the early stages of researching solar radio bursts, Maxwell and Swarup (1958) ob-
served a new spectral characteristic in solar radio emissions with an inverted “U” shape on
dynamic spectra. Since then, this type of burst has been called the type U solar radio burst.
If there is no emission on the second half of the burst (descending leg), such bursts are
called inverted type J or simply J-bursts. J- and U-bursts are generally known as fast-drift
solar radio bursts (e.g. Krueger, 1979) according to their rapid frequency drift from high
to low frequency, although U-bursts also have a positive drift rate on the descending leg.
Both J- and U-bursts are generally believed to be generated by accelerated electron beams
propagating along closed magnetic loops in the solar corona (e.g. Klein and Aurass, 1993;
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Karlicky, Mann, and Aurass, 1996). Similar to J-bursts, the most common fast-drift burst is
the type III solar radio burst (see review by Reid and Ratcliffe, 2014), which is generally
accepted to be produced by electron beams travelling along “open” flux tubes.

The plasma emission mechanism, based on the work of Ginzburg and Zhelezniakov
(1959), is the most accepted radio emission process for the majority of these coherent fast-
drift solar radio bursts. Electron beams generate Langmuir waves near the local background
plasma frequency. These Langmuir waves can subsequently coalesce with ion sound waves
and are converted into electromagnetic waves at the same frequency, a process known as fun-
damental emission. Langmuir waves can also coalesce with other Langmuir waves travelling
nearly in the opposite direction to produce electromagnetic waves at double the Langmuir
wave frequency, a process known as harmonic emission. One signature of harmonic emis-
sion is the low degree of circular polarization, around 10% (Dulk and Suzuki, 1980), with
fundamental emission having a higher average circular polarization, around 35%. During
solar type III burst storms, fast-drift bursts are usually observed with a low degree of polar-
ization, indicating that harmonic emission is more common (e.g. Kai, Melrose, and Suzuki,
1985). The degree of circular polarization of U-bursts between 10 – 300 MHz is generally
low, which suggests that J- and U-bursts are more commonly produced by harmonic emis-
sion in this frequency range (e.g. Labrum and Stewart, 1970; Aurass and Klein, 1997).

Thanks to the development of the plasma emission mechanism theory, fast-drift radio
bursts are important diagnostic tools for probing solar coronal loop characteristics when
the plasma density is too low for standard EUV and X-ray analysis, around 107.5 cm−3 at
altitudes around one solar radius and above. For the low background plasma densities at
these altitudes, we note that Coulomb collisions do not play a significant role in electron
beam kinetics. As well as coronal loop characteristics, we can also use these radio bursts to
identify the properties of the electron beams that drive radio burst emission.

The electron beam velocity can be estimated by knowing the exciter travel distances
by estimating a coronal-density model, and the temporal duration from the dynamic spec-
tra. In general, type III bursts’ exciter velocities are generally accepted to lie between 0.1
and 0.5 c (e.g. Reid and Ratcliffe, 2014; Carley, Vilmer, and Gallagher, 2016). Poquerusse
(1994) estimated exciter velocities of normal type III bursts (in the range 100 to 500 MHz)
of ve ≈ 0.3 c, where c is the speed of light, by assuming a density model with scale height
H � 105 km. They found velocities of electron beams that generate type-IIId bursts were
close to the speed of light because they have shorter observed characteristic frequency
drift time (≈ 0.7 second). Similarly, type III bursts exciter velocity estimated by Dulk et al.
(1987) in the frequency between 30 and 1980 kHz had an average velocity of 0.14 c, which
is close to Klassen, Karlický, and Mann (2003)’s estimation that the average exciter velocity
of interplanetary (IP) type III bursts is 0.15 c. Between frequencies 30 to 70 MHz, Reid and
Kontar (2018) selected 31 type III bursts observed by LOw-Frequency-ARray (LOFAR) and
derived average exciter velocities from the peak time of each radio burst around 0.17 c on
average.

Estimating exciter velocities cannot be directly applied on J-bursts. This is because the
curvature part of the J-burst dynamic spectrum is due to an accelerated electron beam trav-
elling along the bent part of the closed loops, where standard numerical coronal density
models cannot be applied. Many studies determined J-burst exciter velocities using dif-
ferent methods. Labrum and Stewart (1970) analysed 29 clearly defined U-bursts in the
10 – 200 MHz range and estimated average exciter velocity at 0.25 c by using time duration
measured at double of the turnover frequency. Reid and Kontar (2017) measured three J and
U-bursts’ exciter velocities by estimating the exciter positions using radio images, finding
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average velocity determined from the peak time of the radio bursts was 0.21 c. At higher fre-
quency ranges, other studies estimated the beam velocity between 0.16 c to 0.53 c using the
Coulomb collisional time (e.g. Yao et al., 1997; Wang et al., 2001; Fernandes et al., 2012).

Based upon exciter velocity studies, it is generally considered that J and U’s exciter ve-
locities have the same order of magnitude as exciter velocities from type III bursts (e.g.
Labrum and Stewart, 1970). However, what is not clear is whether the same active region
would produce accelerated electron beams with similar velocities near the footpoint of mag-
netic loops confined to the corona (emitting J-bursts) and magnetic loops that extend into
the heliosphere (emitting type III bursts). Different properties might be expected in these
magnetic loops that have very different plasma properties near the footpoint of the loops
where the electron acceleration processes occur.

Other than exciter velocities, the physical parameters of coronal loops can be determined
by analysing J- or U-bursts. For example, Aschwanden et al. (1992) analysed three U-bursts
detected by the Very Large Array (VLA) in the range of 1.1 – 1.7 GHz in August 1989. Af-
ter measuring average electron beam velocities of 53 Mm s−1 (0.18 c), Aschwanden et al.
(1992) derived loop apex altitudes around 130 Mm and determined that the upper limit for
the density scale height was ≈ 370 Mm. Aschwanden et al. (1992) provided another way of
determining the scale height value, using the definition of scale height for the coronal plasma
in thermal equilibrium, and they derived the scale height from the observed loop apex tem-
perature. Many high-frequency U- and J-bursts studies derived the loop pressure by using
the Rosner–Tucker–Vaiana Law (RTV Law: Rosner, Tucker, and Vaiana, 1978), which de-
scribes the relationship between the loop size, temperature, and pressure (e.g. Aschwanden
et al., 1992; Yao et al., 1997; Wang et al., 2001; Fernandes et al., 2012). Moreover, the lower
limit of the magnetic-field strength is mostly determined by applying the plasma-β formula,
which is the ratio of thermal to magnetic pressure.

Although Aschwanden et al. (1992) provide a good example for determining coronal-
loop physical parameters and electron-beam properties from U-bursts, the coronal loop is
low in altitude due to the high observational frequency range provided by the VLA. Lower-
frequency range J-bursts have been studied in a similar way as well. Recently, Dorovskyy
et al. (2021) analysed a U-burst observed by Giant Ukrainian Radio telescope (GURT) on
18 April 2017 in the frequency band 10 – 80 MHz. Dorovskyy et al. (2021) assumed a beam
velocity similar to observed type III exciter velocities at 0.2 c for fundamental emission and
0.33 c for second-harmonic emission. Dorovskyy et al. (2021) then estimated the density
profile of the closed coronal loop by assuming a loop temperature at 1.4 Mk (and twice as
high temperature 2.8 Mk) from Mann et al. (1999)’s measurement.

We analyse type III and J-bursts observed during a solar radio-noise storm. In Section 3,
we analysed 27 type III and 27 J-bursts observed by LOFAR between 20 to 80 MHz. We
classified radio bursts by combining LOFAR and PSP dynamic spectrum to check continu-
ities of type III bursts and drift rate of J-bursts. Then, we determined exciter velocities from
the drift rate of type III bursts and the high-frequency part (type-III-like part) of J-bursts to
make the comparison. In Section 4, we analyse 24 selected J-bursts during the radio-noise
storm and inferred ambient plasma density model of coronal loops by assuming that the ex-
citer velocity remains constant while travelling along closed flux tubes and that the loop-top
geometry is semi-circular in shape. Then we estimated coronal-loop parameters (including
temperature, pressure, and minimum magnetic-field strength) distributions of the loop top
by using the density scale height value from the inferred density model. In Section 5, we dis-
cuss the results of the comparison between exciter velocities propagating along the “open”
and “closed” coronal loops. We also compare the physical parameters that we estimated
for large coronal loops to smaller loops’ estimations studied by Aschwanden et al. (1992).
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Moreover, we discuss factors that affect coronal loop physical parameters estimations in this
work.

2. Instruments and Observations

2.1. LOw-Frequency-ARray (LOFAR) Observations

We focus on a solar radio burst noise storm that was observed on 10 April 2019 from 13:42
to 15:39 UT by the LOw-Frequency-ARray (LOFAR) (LOFAR: van Haarlem et al., 2013)
using the low band antennas (LBA) that operate between 20 and 80 MHz. We used the data
from the LOFAR observation project LT10_002. LOFAR provides high resolution spectral
data with a sub-band width of 0.192 MHz and a temporal resolution of 0.01 seconds. To
improve the signal-to-noise ratio for the radio-burst spectroscopy analysis, we integrate the
temporal resolution to approximately 0.1 seconds. The 60 MHz bandwidth was covered
irregularly using 60 sub-bands. Type III and J-bursts were mostly observed during the solar
radio-burst noise storm, which provides opportunities to statistically analyse both types of
radio bursts during the same solar activity event.

2.2. Parker Solar Probe (PSP) Observations

Parker Solar Probe (PSP) is a NASA mission that travels much closer to the Sun than any
previous spacecraft in human history. On the PSP spacecraft, the science instrument FIELDS
takes measurements of magnetic fields, plasma waves and turbulence, and radio emissions in
the inner heliosphere (see Bale et al., 2016). We used data measured by the Radio Frequency
Spectrometer (RFS), which is a spectrometer in FIELDS. The radio noise storm occurred
during the second PSP perihelion observing campaign and so FIELDS was in burst mode,
providing the time–frequency spectrum of radio-flux observations with a temporal resolution
of seven seconds. The high-frequency receiver (HFR) has 64 frequency channels between
1.3 and 19.2 MHz (see, e.g., Krupar et al., 2020).

The combination of PSP and LOFAR measurements provides a relatively larger scale
picture of the accelerated electron beam transport and the coronal structure along its travel
path. We used data from RFS/HFR because its highest-frequency channel (19.7 MHz) is
close to LOFAR LBA’s lowest channel (20 MHz), which provides the best continuities be-
tween the two spectra. An example of ten minutes of data during the radio-noise storm is
presented in Figure 1. On 10 April 2019, PSP was 0.25 AU away from the Sun and 0.78 AU
away from the Earth. The radio signal took approximately six minutes to travel to LOFAR
after being observed by PSP. We corrected the time difference between the PSP and LOFAR
measurements when we combined the dynamic spectrum in Figure 1.

3. Electron Beam Velocities

3.1. Classification of Type III and J-Bursts

During the noise storm, fast-drift solar radio bursts were observed on the LOFAR dynamic
spectrum between 20 to 80 MHz, and the PSP observed interplanetary (IP) type III solar
radio bursts between 1.3 to 19.2 MHz. We classified a type III burst as a radio burst that
was observed both by LOFAR and by PSP. For example, from the ten minutes of data in



Deriving Large Coronal Magnetic Loop Parameters Using LOFAR J Burst. . . Page 5 of 18 7

Figure 1 Ten minutes of data
combining LOFAR and PSP
dynamic spectrum, used for
classifying type III and J-bursts
during the noise storm on 10
April 2019. The top panel: PSP
RFS radio observations between
1.3 – 19.2 MHz; The bottom
panel: LOFAR LBA observation
between 20 – 80 MHz. There are
five interplanetary (IP) type III
bursts identified in the PSP
dynamic spectrum that are also
observable by LOFAR.

Figure 1, we can see on the PSP dynamic spectrum (upper panel) there are five radio bursts
that can be identified as type III bursts that extend below 20 MHz. As Figure 1 shows, the
lower sensitivity of PSP means that many weaker type III bursts were observed in LOFAR
but not in PSP, and they were ignored for this study. We classified a J-burst as a radio burst
that showed a clear turnover frequency in the LOFAR dynamic spectrum before 20 MHz. By
combining the PSP and LOFAR observations in different wavelength ranges, we identified
27 type III bursts and 27 J-bursts.

3.2. Velocity Estimations

Whilst electron beam velocities have been estimated from type III bursts and J-bursts in-
dividually in many studies, electron beams’ velocities have never been simultaneously re-
ported during the same radio noise storm. Despite having similar reported velocities, we aim
to identify here whether there is any systematic trend between electron beams accelerated in
closed and open flux tubes. The electron-beam (exciter) velocity is related to the frequency
drift rate of radio bursts via

dfe

dt
= dfe

dne

dne

dl

dl

dt
, (1)

where fe is the plasma frequency, dfe
dt

is the frequency drift rate, ne is the background elec-
tron density, l is the path of the electron beam, and dl

dt
is the exciter velocity.

We identified the maximum-flux points for each frequency sub-band for the selected
bursts on the LOFAR dynamic spectrum to determine the drift rate. Figure 2 shows an ex-
ample of a type III burst (left) and a J-burst (right) between 45 to 80 MHz. The black dots are
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Figure 2 Type III burst (left) and a J-burst (right) on the dynamic spectrum. Type III and J-bursts show rapid
drift from high to low frequencies. Type III bursts have relatively constant frequency drift rate, and J-bursts
show decreased frequency drift rate. Black dots on both dynamic spectra are maximum-flux points for each
frequency band, and their temporal profiles show frequency drift.

the maximum-flux points in time. Note the nearly constant frequency-drift rate for the type
III burst between 80 and 45 MHz, and the change in the frequency-drift rate for the J-burst
around 50 MHz. These maximum-flux points provide the temporal and frequency profile of
the bursts drifting on the dynamic spectrum. By assuming fundamental or second-harmonic
emission, we converted the observational frequencies fobs to the ambient plasma frequencies
fe (fobs = fe for the fundamental emission, fobs = 2fe for the second-harmonic emission).
Then we converted the plasma frequency to the ambient plasma density and applied a so-
lar coronal plasma density model to determine associated distances, and hence we obtained
the exciter velocities of our identified type III bursts. We assumed the Saito model (Saito,
Poland, and Munro, 1977) times a factor of 4.5. The multiplier of the density model’s mag-
nitude was derived by Reid and Kontar (2017), who derived three empirical density models
multiplied by constant factors to fit the three J/U-bursts density distributions. The Saito×4.5
density model is given by

ne(r) = 4.5

(
1.3 × 106

[
r

R�

]−2.14

+ 1.68 × 108

[
r

R�

]−6.13
)

, (2)

where r is the distance from the centre of the Sun, in cm.
The J-bursts have exciters that are propagating along the apex of a coronal loop. There-

fore the standard coronal-density model, which assumes an open flux tube does not capture
how the corresponding plasma density changes at the apex of these closed coronal loops as
the geometry is different. Therefore, we defined the “type-III-like” part of the J-bursts as
the ascending leg where the drift rate remains roughly constant. For the J-burst shown in
Figure 2 this was above 60 MHz. We then found exciter velocities from the J-burst maxi-
mum flux points in this higher-frequency range, where there was no obvious change in the
frequency drift rate, using the same density model as we used for the type III bursts.

Table 1 shows the average exciter velocities found by analysing all the identified type
III and J-bursts. Under the assumption of fundamental-emission mechanism, type III bursts
average exciter velocity is 0.16 c which is very close and within the standard deviation of
the J-bursts’ average at 0.17 c. If all identified bursts are assumed as second-harmonic emis-
sion, type III burst exciters’ average velocity is 0.18 c, which again is within one standard
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Table 1 Average exciter
velocities of all identified type III
and J-bursts.

Fundamental emission
Average velocity [c]

Second-harmonic emission
Average velocity [c]

27 type III bursts 0.16 ± 0.03 0.18 ± 0.05

27 J-bursts 0.17 ± 0.04 0.22 ± 0.05

deviation of the J-burst average exciter velocity of 0.22 c. Although type III and J-bursts’
exciter velocities are close, there is a systematic increase in the J-burst exciters compared to
the type III burst exciter velocities.

4. Physical Parameters of Coronal Loops

4.1. Coronal Loop Density Model

The change in the drift rate of the J-bursts at the turnover frequencies provides information
about the change in electron density at the apex of the closed magnetic loops. We can there-
fore use the J-burst drift rates to estimate the background electron density of large coronal
loops.

We start by estimating the travel distance of the electron beam along the apex of the coro-
nal loop. Assuming that the exciter velocity does not change along the loop, we determine
the travel distance using the exciter velocity, vexciter, calculated from the “type-III-like” part
of the J-burst, and the times, t of the maximum flux points in the J-burst. The travel distance
along the coronal loop l(t) is given by

l = l0 + vexciter(t − t0), (3)

where l0 is the reference altitude of the source position, derived from the highest frequency
of the J-burst and our assumed density model (Saito model × 4.5). The start time t0 is the
time of the max flux point at this frequency, and the term t − t0 is the travel time of exciter
along the apex of the magnetic loop.

The travel distance along the loop, l, does not reflect the altitude of the loop apex. If we
want to know the loop altitude, we must assume the loop geometry. In this study, we assume
the loop top is a semi-circle. We then converted the travel distance profile along the loop l

to a solar altitude h.
We determined the coronal loops’ electron-density distributions with solar altitude ne(h)

using the times of maximum flux at each frequency and the exciter profile in solar altitude
as a function of time. Assuming that the coronal loop is in hydrostatic equilibrium, we then
model the ne(h) with an exponential of the form

ne(h) = n0 exp

(−h

λ

)
, (4)

where n0 is the reference plasma density, a constant derived from density associated with
the height l0, and λ is the hydrostatic density scale height.

During this solar radio storm, we identified 24 J-bursts for inferring the coronal-density
model and deriving large coronal loops’ physical parameters. These J-bursts have frequency
drift rates that decrease in the lower-frequency range and relatively noiseless dynamic spec-
trum backgrounds.
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Figure 3 Coronal loop plasma
parameters inferred from 24
J-bursts, averaged every 0.1 solar
radius. (a) Electron density,
(b) temperature, (c) pressure,
(d) minimum magnetic field
strength. Error bars are calculated
from the standard deviations to
show the spread in results. The
value is the average of each 0.1
solar radius.

From all 24 selected J-bursts, we found a total of 898 frequency sub-bands ranging be-
tween 25 and 80 MHz. Using the time of maximum flux for all individual sub-bands, we
found the average loop altitudes and hence the average electron-density model within the
loops. The minimum and maximum solar altitudes above the photosphere were from 0.79
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to 1.85 R�, respectively. The average-density model is shown in Figure 3a. The points were
averaged every 0.1 R� from 0.79 to 1.42 R�, which contained 94.2% of all maximum flux
points in this range. There were only a few J-bursts that extended to higher altitudes. The
electron number density decreases from 2.0 × 107 cm−3 to 1.6 × 106 cm−3. The error bars
in Figure 3 represent the standard deviation of all points considered.

In Equation 4, the value of the scale height, λ, is inferred by fitting an exponential curve
to the ne(h) profile derived from maximum-flux points of each selected J-burst. The aver-
age background coronal-density scale height of 24 inferred from the coronal-loop plasma
density models is 0.36 R� (2.5 × 1010 ± 4.9 × 109 cm). The largest density scale height
we derived among 24 J-bursts is 0.5 R� (3.5 × 1010 cm), and the lowest is 0.26 R�
(1.8 × 1010 cm). The average value of N0 is 5.1 × 109 cm−3, from the lowest 5.1 × 108

to the largest 1.8 × 1010 cm−3.

4.2. Coronal Loop Temperature

The density scale height λ is proportional to the electron temperature T and inversely pro-
portional to the gravitational acceleration of the Sun. Assuming the solar coronal plasma is
in hydrostatic equilibrium, the density scale height λ, as determined from the exponential
density model in Equation 4, is given by (see Aschwanden et al., 1992; Aschwanden and
Acton, 2001)

λ = 1 + α

β

kBT

mPg�
, (5)

where α = 1.22 is the ratio of electron to proton number, and β = 1.44 is the mean molecular
weight, kB is the Boltzmann constant, mP is the mass of a proton, and g� is the gravitational
acceleration. In contrast to the U-burst studied at high frequencies by Aschwanden et al.
(e.g. 1992), we analysed J-bursts at much lower frequencies, and hence much larger coronal
altitudes. Whilst Aschwanden et al. (e.g. 1992) assumed the value of g� at 1 R� from the
solar centre, we considered g� as a function of solar altitude, such that

g�(r) = GM�
r2

, (6)

where G is the gravitational constant, M� is the mass of the Sun, and r is the distance from
the centre of the Sun, such that r = h + R�.

For each selected J-burst, we determined the coronal loop temperature distributions as a
function of solar altitude by combining Equation 5 and Equation 6, such that

T (r) = β

1 + α

mPλ

kB

GM�
r2

, (7)

where λ is the density scale height value inferred from the selected J-burst. Similar to the
gravitational acceleration, the loop temperature is inversely proportional to the square of
solar altitude.

By analysing all 24 J-bursts, using the 898 frequency sub-bands, the lowest temperature
was 0.7 MK, and the highest temperature was 2.1 MK. The loop-top temperature decreases
from the lower to the upper solar corona. Figure 3b shows the average temperature is 1.6 MK
at the beginning around 0.86 R� and then drops to 1.0 MK around 1.37 R� above the
photosphere.



7 Page 10 of 18 J. Zhang et al.

4.3. Coronal Loop Pressure

To obtain the loop pressure, P (h), we applied the ideal gas law

P (h) = ne(h)kbT (h), (8)

using our previously deduced background electron density profile ne(h) and the temperature
profile T (h). Figure 3c shows the average loop pressure decreasing with increasing altitude,
from 3.8 × 10−3 dyn cm−2 around 0.86 R� to 0.7 × 10−3 dyn cm−2 around 1.37 R�.

4.4. Coronal Loop Magnetic-Field Strength

It is generally accepted that the magnetic pressure is larger than thermal pressure in the
solar corona. This is the reason that accelerated particles in the solar corona propagate along
magnetic-field lines, as they are “frozen” in magnetic fields. The plasma beta, βp, presents
the ratio of the thermal pressure, Pthermal, to the magnetic pressure, Pmagnetic, which is less
than one in the solar corona:

βp = Pthermal

Pmagnetic
= ne(h) kb Te(h)

B(h)2/8π
< 1, (9)

where B(h) is the magnetic-field strength. In a similar way to Aschwanden et al. (1992), we
can estimate the upper bound of the magnetic-field strength using

B(h) > [8πne(h)kbTe(h)]0.5. (10)

We note that B(h) is proportional to the square root of the plasma pressure and thus has
the same trend as the other parameters. Figure 3d shows magnetic-field strengths of 0.31 G
around 0.86 R� to 0.13 G around 1.37 R�.

5. Discussions

5.1. Type III and J-Bursts Exciter Velocities

By analysing 27 type III and 27 J-bursts, we found that the average exciter velocities were
comparable (see Table 1). There is a small increase in the J-burst velocities, but any differ-
ence between the bursts lies within the standard deviation. The larger velocities under har-
monic emission are related to the decreased gradient of the coronal-density model at higher
altitudes. Given the same density model assumed for the type III bursts and the initial part
of the J-bursts, the radio drift rates are similar. This result reinforces the previous hypothesis
that both radio bursts are signatures of electron beams propagating along magnetic loops,
with the change in J-burst drift rate indicating electron propagation near the loop apex.

That we do not see much change in the exciter velocity suggests there is no discernible
difference in the acceleration properties of the corresponding electron beams. We might
have expected a difference, because the larger magnetic structures (“open” loops) that are
responsible for type III bursts are likely to have smaller background electron densities and
temperatures, in a similar way that coronal holes have cooler, less dense plasma compared
to the surrounding corona. It may be the case that the particle acceleration in the radio noise
storms occurs at the same region, and accelerated beams have access to different magnetic
structures as the particle acceleration evolves over time. Whatever the case, models of radio
noise-storm acceleration need to take into account the similar electron beam velocities of
J-bursts and type III bursts.
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Table 2 Average plasma parameters of large and small coronal loops, near their apex. Large coronal-loop
parameters were estimated from our 24 low-frequency J-bursts, at an altitude of 1.37 R�. Small coronal-loop
parameters were estimated from three high-frequency U-bursts analysed by Aschwanden et al. (1992), at
altitudes of 0.18 R�.

Plasma parameters Large coronal loops Small coronal loop

Density scale height 0.36 ± 0.07 R� 0.51 ± 0.09 R�
Density (4.5 ± 1.4) × 106 cm−3 6.3 × 109 cm−3

Temperature 1.0 ± 0.2 MK 7.0 ± 0.4 MK

Pressure 0.0007 ± 0.0003 dyn cm−2 6.1 ± 0.4 dyn cm−2

Minimum magnetic field strength ≥ 0.13 ± 0.03 G ≥ 12 G

5.2. Coronal Loop Physical Parameters

The average coronal-loop altitude that we found was around 1.37 R�. This altitude is very
similar to the 1.45 – 1.6 R� loop apex that was inferred from LOFAR imaging observations
of two J-bursts and one U-burst (Reid and Kontar, 2017). The altitudes might be similar
as we inferred a background density model (Saito × 4.5) that was similar to these large
coronal loops. Nevertheless, the similar loop apex that we found give confidence in our
novel technique for estimating the density model in the curved part of these large coronal
loops.

The coronal-loop altitudes are much smaller than those estimated by Dorovskyy et al.
(2021). The main difference between our work and Dorovskyy et al. (2021) is that they did
not infer a density model but assumed an exciter velocity of 0.33 c. This assumed velocity
directly led to the large altitudes that they estimated for the coronal loop in their study and
is larger than the velocities that we infer, around 0.2 c.

The average plasma parameters that we estimated can be found in Table 2. We report the
average plasma parameters at the loop altitude of 1.37 R�, near the apex of most loops, as
all parameters vary with altitude. We also report the average plasma parameters found by
Aschwanden et al. (1992) who analysed three U-bursts observed by the Very Large Array
between 1.3 and 1.7 GHz, at an approximate altitude of 0.18 R�.

For our larger coronal loops, we found similar density scale heights to Aschwanden et al.
(1992). This result implies that density scale heights are independent on the size of the
coronal loop. However, more coronal loops should be studied, in different active regions
and different altitudes (e.g. 0.6 R�) before concluding such a result.

The ratio of density scale height to loop altitude in our study is smaller than one, around
0.26. This is in comparison to being greater than one from the results of Aschwanden et al.
(1992). As such, we were not able to use the RTV scaling law (Rosner, Tucker, and Vaiana,
1978) to estimate the plasma temperature using

T ≈ 1.4 × 103(PL)− 1
3 , (11)

where P is the loop pressure and L is the loop length. Aschwanden et al. (1992) compared
both methods, finding very similar plasma temperatures, and hence similar plasma pressures.
If indeed the density scale height does not vary significantly with loop height then the RTV
law is only useful for more compact coronal loops with altitudes under 0.3 R�.

We estimated the loop-top temperature of large coronal loops at an average of 1.0 ±
0.2 MK, which is cooler than smaller loops estimated by Aschwanden et al. (1992) at an
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average of 7 MK. This agrees with conclusions by Dorovskyy et al. (2021) that large loops
have lower loop-top temperature than smaller ones. The main difference that we infer from
Aschwanden et al. (1992) is that we do not take the value of g� to be constant, but instead
vary it as a function of solar altitude, h. The temperature dependence is then proportional
to r−2 (see also Equation 7), and therefore it naturally explains the smaller temperatures at
higher altitudes.

The pressure we obtained at the apex of large coronal loops was significantly smaller than
found by Aschwanden et al. (1992). This occurs naturally from the ideal gas law, primarily
based upon the smaller densities, as the difference in plasma temperature is minimal.

We found the minimum magnetic field strength of larger coronal loops to be significantly
smaller than was found by Aschwanden et al. (1992). Again, this mainly comes directly
from the decrease in plasma pressure. If one assumes a standard dipole approximation of
B(r) ∝ r−3, where r is the distance from the centre of the Sun, the 12 G that Aschwanden
et al. (1992) find at a distance of r = 1.18 R� would correspond to 1.48 G at a distance of
r = 2.37 R�, close to the loop apex that we estimate in this study. This is significantly larger
than the 0.13 G that we estimated from our data. Such a result is expected, given the coronal
tendency of the magnetic field to decrease exponentially with altitude (Solanki, Inhester,
and Schüssler, 2006), due to the increasing volume the magnetic field can fill as r increases.
For an exponential model of B = B0 exp(−br), we can tentatively use our two data points to
find the reference magnetic field of B0 = 1.2 kG and the scale factor of b = 3.9. However,
one must remember that the magnetic field varies significantly between different coronal
loops, and our magnetic-field estimates are only a lower estimate, based upon β < 1.

Zaitsev and Kronshtadtov (2017) discussed two types of coronal loops, which are i) the
tube cross-section does not change much with height in the corona and β < 1; ii) the tube
cross-section increases with height and β > 1. As indicated by Zaitsev and Kronshtadtov
(2017), the first loop type is typical for most magnetic loops observed in the corona and is
why we used this condition to estimate the minimum magnetic field strength. With a solar-
wind dependence of B ∝ r−2 and B = 3 × 10−5 G at 1 AU (e.g. Verscharen, Klein, and
Maruca, 2019), we would predict a magnetic-field strength of 0.25 G at r = 2.37 R�. In the
case of the second loop type, the magnetic-field strength we estimate would be smaller than
0.13 G. This does not compare well to our extrapolated value of the magnetic-field strength
using data from 1 AU.

5.3. Factors Affecting Coronal Loop Physical Parameters

5.3.1. The Reference Density Model Magnitude

We used the Saito model multiplied by 4.5 for estimating average beam velocities from type
III bursts and the high-frequency part of J-bursts. We then used our estimated beam veloc-
ities to infer the background-electron-density models for the curved apex of large coronal
loops. Whilst this modified Saito model was inferred from other J-bursts (Reid and Kontar,
2017), there is an inherent uncertainty in our results because of this density-model assump-
tion.

We can test the effect on our results if we change the multiplication factor that we used
on the Saito model. Figure 4 shows how the inferred electron density in the curved apex of
a large loop is modified if we used the Saito model multiplied by 6.5. Because any specific
density is now at a larger altitude, the reference altitude of the source position (l0 in Equa-
tion 3) is higher, and therefore the estimated loop-top altitude is higher. This is evident when
comparing the green and blue lines in Figure 4, where we have an increase in apex of the
coronal loop from 1.19 R� to 1.34 R� above the photosphere.
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Figure 4 Inferred coronal-density model from one selected J-burst under different assumptions of emission
mechanism (Fundamental or Second-harmonic emissions) and reference coronal-density model magnitude
(Saito’s model × 4.5).

Using the Saito model multiplied by 6.5 instead of 4.5 leads to higher beam velocities
deduced from the radio bursts. When using larger magnitude density models, the range of
frequencies that we are analysing correspond to densities that are now farther away from
the Sun, where the spatial gradient of the density model is smaller. This leads to longer
distances between any given density, and hence the beam needs to travel faster over these
long distances, as the travel time inferred from the dynamic spectrum is fixed. The result of
these higher beam velocities means that using the Saito model multiplied by 6.5 increases
our inferred average density scale heights from 0.35 R� to 0.38 R�. This change in density
scale height is not very significant in our altitude range. With loop temperature, pressure,
and magnetic field being proportional to the density scale height, the exact density model
does not modify significantly the derived plasma parameters at a given altitude. What has
a significant effect on plasma parameters at the loop apex is the change in altitude of the
coronal loop, as the temperature is proportional to r−2, where r is the distance from the
centre of the Sun.

5.3.2. Emission Mechanism

We used the assumption of second-harmonic emission to obtain our results, as second-
harmonic emission is more prevalent during type III solar noise storms in the upper corona
(see Kai, Melrose, and Suzuki (1985) and Section 1). Moreover, during the solar radio-noise
storm we analysed, many J-bursts showed “Fundamental–Harmonic (F–H)” pairs structure
on the LOFAR dynamic spectrum. This structure defined by both fundamental and harmonic
components appears together, with the fundamental components at a lower frequency range
than the harmonic. In this case, we analysed the harmonic components because the funda-
mental components typically showed more structure. However, we cannot be completely
certain that all of our radio bursts in this study are generated by harmonic emission.

If we assume fundamental emission for all of our bursts, the corresponding electron den-
sities that the electron beam travels through will be higher. This means that the altitudes will
be lower. Figure 4 shows the derived electron density in the curved apex of a large loop if we
assume fundamental emission. We can clearly see the densities are higher and the altitudes
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Figure 5 Three scenarios of loop-top geometry assumptions: (a) A tall semi-ellipse: tan(α) > 1; (b) A semi-
circle: tan(α) = 1; (c) A flat semi-ellipse: tan(α) < 1.

are lower. This is evident when comparing the yellow and blue lines in Figure 4, where we
have an decrease in apex of the coronal loop from 1.19 R� to 0.72 R�.

The effect of assuming fundamental emission for all of our J-bursts reduces the derived
loop apex height, from 1.37 R� to 0.85 R�. The average scale height is reduced from
0.36 R� to 0.27 R�. Even with a decrease in the average scale height, the reduced alti-
tude of the loop apex means that the 24 J-bursts average loop-apex temperature increased
from around 1 MK to 1.3 MK. The average plasma density at the loop apex is changed
from 0.45 × 107 cm−3 to 1.8 × 107 cm−3. Moreover, under the fundamental emission as-
sumption compared to harmonic, the average loop-top pressure dramatically increases from
0.07 × 10−2 dyn cm−2 to 0.3 × 10−2 dyn cm−2. The average value of the minimum mag-
netic field strength increases from 0.13 G to 0.28 G. The increase in temperature, density,
pressure, and magnetic field is primarily driven by the smaller loops that are inferred by
assuming fundamental emission, despite the decreases in the average density scale height.

5.3.3. Loop Top Geometry

In Section 4.1, we introduced the idea that the electron-beam travel-distance profile along
the solar altitude h(t) was converted from the distance profile along the loop by assuming
the loop-top geometry is a semi-circle. However, it is also common to consider that the loop-
top geometry is a semi-ellipse (e.g. Dorovskyy et al., 2021). Figure 5 shows three scenarios
of loop top geometry assumption: (a) tall semi-ellipse, (b) semi-circle, (c) flat semi-ellipse.
In the real solar corona, the loop-top geometry can be varying between these three scenarios.

In the case that the coronal loop top is a tall semi-ellipse (Figure 5a), the electron beam
travels to higher altitudes. As such, the inferred background-plasma-density model will have
a larger density scale height and larger loop-apex altitudes. The converse is true if we assume
the flat semi-ellipse (Figure 5c).

The loop cross-section is also an important characteristic to be considered. As mentioned
in Section 5.2, the loop type ii) increases cross-section with height, which will cause the den-
sity of an electron beam propagating along the loop to decrease. This scenario will contribute
towards the reduction of radio waves being produced by the electron beam at the top of the
loop and was discussed in depth by Reid and Kontar (2017). The loop cross-section can be
estimated by imaging radio sources. However, exactly what shape coronal loops take near
their apex is beyond the scope of this article and will be a subject of a future study.
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6. Conclusions

This study estimated solar accelerated electron beam velocities by analysing type III and J-
bursts, identified from the same solar radio-noise storm observed by LOFAR and PSP. After
comparisons, we found that the kinetic properties of the electron beams are similar while
travelling in “open” or closed flux tubes during the noise storm. This is the first comparison
of type III and J-bursts exciter velocities during the same solar radio-noise storm.

Solar J-bursts also provide us with an excellent way of estimating the physical parame-
ters of large coronal loops, where the density is too low for typical UV or X-ray diagnostics,
and typical coronal density models are not relevant. We described a novel technique for es-
timating the background density model of large coronal loops just using the spectroscopic
data from a radio dynamic spectrum of a solar J-burst. Using data from 24 J-bursts, we
inferred the average background density model of coronal loops in an active region. The
coronal loop apexes were situated at an average height of 1.37 R�, with an average scale
height of 0.36 R�. We then used the scale height to infer average loop plasma temperatures
(1 MK), pressures (2 × 10−3 dyn cm−2), and minimum magnetic-field strengths (0.22 G).
These plasma parameters are significantly different from those inferred for smaller coronal
loops by Aschwanden et al. (1992) using higher-frequency J-bursts. The plasma parameters
that we estimated are dependent upon the assumptions that we made about the coronal-loop
geometry, the background-density model and the emission mechanism. However, we have
showed that our derived plasma parameters are not too significantly affected by modifica-
tions in these assumptions and should hold as some of the first predictions of the plasma
state in such large coronal loops. Our study has focused on the high-resolution spectro-
scopic data from LOFAR, but found similar results for when LOFAR imaging spectroscopy
was used (Reid and Kontar, 2017). A further study would be interesting to compare our new
technique with a density model estimated from interferometric images, taking into account
radio-scattering effects (e.g. Kontar et al., 2019), to test the assumption of the electron-beam
velocity remaining constant as it traversed the apex of the coronal loop.
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