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ABSTRACT

Solar radio bursts generated through the plasma emission mechanism produce radiation near the

local plasma frequency (fundamental emission) and double the plasma frequency (harmonic). While

the theoretical ratio of these two frequencies is close to 2, simultaneous observations give ratios ranging

from 1.6 to 2, suggesting either a ratio different from 2, a delay of the fundamental emission, or both.

To address this long-standing question, we conducted high frequency, high time resolution imaging

spectroscopy of type III and type J bursts with fine structures for both the fundamental and harmonic

components with LOFAR between 30 and 80 MHz. The short-lived and narrow frequency-band fine

structures observed simultaneously at fundamental and harmonic frequencies give a frequency ratio

of 1.66 and 1.73, similar to previous observations. However, frequency-time cross-correlations suggest

a frequency ratio of 1.99 and 1.95 with a time delay between the F and H emissions of 1.00 and

1.67 s, respectively for each event. Hence, simultaneous frequency ratio measurements different from

2 are caused by the delay of the fundamental emission. Among the processes causing fundamental

emission delays, anisotropic radio-wave scattering is dominant. Moreover, the levels of anisotropy and

density fluctuations reproducing the delay of fundamental emissions are consistent with those required

to simulate the source size and duration of fundamental emissions. Using these simulations we are able

to, for the first time, provide quantitative estimates of the delay time of the fundamental emissions

caused by radio-wave propagation effects at multiple frequencies, which can be used in future studies.

1. INTRODUCTION

Plasma emission is believed to be responsible for gen-

erating solar radio bursts at decimeter and longer wave-

lengths (e.g. Ginzburg & Zhelezniakov 1958; Dulk 1985;
Melrose 1987). Within the plasma emission theory, the

instability generates Langmuir waves at the local plasma

frequency fpe, where fpe = ωpe/2π =
√
e2n(r)/πme is

the electron plasma frequency, n(r) is the electron num-

ber density, and e and me are the electron charge and

mass. The coalescence of Langmuir waves and low fre-

quency ion-sound waves may produce electromagnetic

waves via nonlinear plasma processes, which is referred

to as fundamental emission (hereafter, F). The coales-

cence of counter-propagating Langmuir waves may pro-

duce the radio emission at 2fpe, which is referred to as

the second harmonic emission (hereafter, H).
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Several longstanding issues exist concerning the F and

H emissions—one problem in particular is how to dis-

tinguish between them. When a single burst is observed

(and not an F-H pair), it is difficult to identify whether

this burst is the result of F or H emissions, with the

identification relying on the degree of their polarisation.

The polarisation degree of the F radio waves is predicted

to be higher than the H (Dulk 1985). Suzuki & Dulk

(1985) reported that the polarisation degree of the F

components are all larger than the H components from

714 F-H pairs of type III bursts, that being 0.35 (F) and

0.12 (H) on average. However, the polarisation degree

varies even within one burst (Dulk & Suzuki 1980) or

even within one fundamental component (Kontar et al.

2017). When there are two components observed, some

additional arguments can suggest F-H pairs: the F typ-

ically has higher intensities, shorter rise times, higher

polarisations, and near half drift rates of the higher fre-

quency component.

There are also multiple issues in debate—for exam-

ple, F and H emission may be generated over different
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timescales because they are produced through related,

but different, processes. Moreover, it is unclear whether

F and H emissions are produced at the same spatial

location. In this paper, we consider a remarkable prob-

lem related to their frequency ratio RH/F, i.e. the ratio

of the H to F components observed at the same time.

While the theory gives a harmonic frequency ratio very

close to 2, the observations suggest a range from 1.6-2,

averaging at 1.8 (Wild et al. 1954; Stewart 1974).

Multiple studies have previously indicated time delays

of the F with respect to the H, in a range from 1 s up

to 7 s, and H/F frequency ratios in a range of 1.74-1.94

(Hughes & Harkness 1963; Stewart 1974; Robinson &

Cairns 1998; Dorovskyy et al. 2015; Koval et al. 2016;

Melnik et al. 2018), yet there is no agreement on the

mechanisms involved. For example, an early explana-

tion by Wild et al. (1954) for the observed difference

from the theoretical prediction being that the observed

spectrum consists of the H with only the higher frequen-

cies of the F band; Stewart (1974) suggested that the F

emission had reduced escape efficiency; the model by

Robinson & Cairns (1998) stated that the F was re-

absorbed above the local plasma frequency; Dorovskyy

et al. (2015) suggested lower group velocities of the F

inside a modeled magnetic loop.

There are few studies aimed at the analysis of the H/F

frequency ratios, because firstly, the F emissions are not

always observed along with their corresponding H emis-

sions and are difficult to be clearly defined; secondly,

the H/F frequency ratios are usually used as evidence

for the H components, while they are close to 2 then the

two emission branches may be regarded as F-H pairs;

and thirdly, it is hard to quantitatively compare a F fre-

quency with the corresponding H component in order to

calculate the H/F frequency ratios.

From previous studies, the cause of the time delay

of the F components has been mostly explained by their

different electromagnetic wave group velocities and radio

wave propagation effects in an inhomogeneous corona

(Itkina et al. 1993; Melnik et al. 2018). However, there

was no quantitative estimation of the H/F frequency

ratios and delay times from radio wave propagation ef-

fects. There seems to be no obvious dependencies of H/F

frequency ratios on frequencies from previous observa-

tions, which suggests that the propagation effects may

be dominant due to various characteristic parameters

of the background density fluctuations in a turbulent

corona.

In this paper, we study the H/F frequency ratios and

delay times between the F and H emissions from type

III and type J bursts with striae observed by the LOw

Frequency ARray (LOFAR; van Haarlem et al. 2013)

with high temporal, spectral and spatial resolutions in

a frequency range of 30-80 MHz. J-type and/or U-type

solar radio bursts is a variant of type III bursts and is

believed to be generated from electron beams traveling

along closed magnetic loops (Maxwell & Swarup 1958;

Labrum & Stewart 1970; Hillaris et al. 1990; Aschwan-

den et al. 1992; Aurass & Klein 1997; Dorovskyy et al.

2010; Fernandes et al. 2012; Reid & Kontar 2017). From

a featureless radio burst with F and H components, the

frequency ratio can be calculated from the frequencies

at the maximum intensities of F and H components at

each time. The time delay can be derived from the times

at the peak intensities at f and 2f . However, it does not

seem possible to determine the H/F frequency ratio and

delay time simultaneously. We implement the correla-

tion of type III and type J bursts that present striae in

both F and H components, allowing clear determination

of the frequency ratio. The fine structures are crucial

to this method because striae in the F components have

their counterparts in the H components and can be well

correlated to determine the frequency ratio and delay

time simultaneously. The variants of type III bursts in

a form of ‘J’ or ‘U’ in the dynamic spectrum can also

give the frequency ratio and delay time simultaneously

from their similar shapes but it is worth noting that they

are different if measured at the turning point and start-

ing frequency of type U or J bursts. The isolines with

different intensity levels of the U or J structure would

also affect the estimations of frequency ratio and delay

time.

From the dynamic spectra of type III bursts with

striae, the observed H/F frequency ratios are less than

the theoretical ratio, suggesting that the observed F

branch is delayed. We suggest that the time delay be-

tween F and H components can be explained by a combi-

nation of different group velocities and scattering effects,

with the latter forming a larger contribution. As the F

component is emitted at the local plasma frequency, it

undergoes a stronger scattering effect than the H com-

ponent, which lengthens the propagation path of the

F emission and leads to a delayed F band. For the

first time, we quantitatively estimate the delay times

between the F and H components from ray-tracing sim-

ulations of radio wave propagation (Kontar et al. 2019).

Based on the diagnosis by Chen et al. (2020) in which

they estimated the turbulent coronal parameters by

combined analysis of scattering simulations and imaging

observations from one type IIIb radio burst, our estima-

tions of delay times from both different group velocities

and scattering propagation effects can be well matched

with that from observations.
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Figure 1. A physical scenario of two dynamic spectra showing the time delay between the observed and intrinsic F components
of the normal type III burst (left panel) and the type III burst with striae fine structures (right panel).

In Section 2, we present the theoretical H/F frequency

ratio. A schematic illustration of the delayed F compo-

nent in the type III burst with striae is presented in Sec-

tion 3. Section 4 describes the characteristic parameters

from type III and type J burst observations, including

their observed H/F frequency ratios and delay times.

Section 5 shows the results from ray-tracing simulations

of radio wave propagation. Section 6 is our summary.

2. EMISSION NEAR FUNDAMENTAL AND

HARMONIC FREQUENCIES

The plasma emission mechanism is widely accepted

for the generation of solar radio bursts at decimeter and

longer wavelengths (e.g. Ginzburg & Zhelezniakov 1958;

Dulk 1985; McLean & Labrum 1985; Zheleznyakov 1996;

Ratcliffe et al. 2014). The F emission can be generated

through scattering of Langmuir waves by ions and/or

their interaction with ion-sound waves. The H emission

is generated by the coalescence of the Langmuir waves

with back-scattered Langmuir waves, so emits at the

summed frequencies of two Langmuir waves.

Conservation of energy and momentum (frequency

and wavenumber) leads to the fundamental emission be-

ing close to the Langmuir wave frequency

ωL ' ωpe

(
1 +

3

2

v2Te
v2

)
where vTe is the electron thermal speed, and v is the

phase speed of the waves. For the typical parameters of

type III solar radio bursts, v/vTe is about 10 (e.g. Rat-

cliffe et al. 2014; Reid & Kontar 2021), so the deviation

from plasma frequency ∆ω is as small as

∆ω/ωpe ' 0.015

Similarly, the harmonic frequency is close to the twice

of the Langmuir wave frequency. Hence the ratio of har-

monic to fundamental should be very close to 2, within

1− 2% for the typical parameters in type III solar radio

bursts.

3. SCHEMATIC ILLUSTRATION

The schematic illustration outlined in Figure 1 clearly

explains a delayed F component leads to the derived

H/F frequency ratio to be less than 2 from observations

of F-H pairs. The observed F component is delayed by a

time tdelay compared to the intrinsic F component. The

frequency of the observed F branch is larger than the

intrinsic F branch at each time, so the H/F frequency

ratio normally calculated between the observed H and F

components will be less than the theoretical frequency

ratio. The intrinsic H/F frequency ratio should be be-

tween the observed H component and the intrinsic F

component instead of the observed F component. Fur-

thermore, the radio source imaging of the H component

should be coincident with an earlier F branch instead of

the F emission at the same time.

We also show a scenario for a type III burst with striae

in the right panel from Figure 1. With the striae, we

can determine the frequency ratio and delay time si-

multaneously, which is not feasible for normal type III

bursts without fine structures. Ideally, striae in the F

components are expected to have counterparts in the H

components, yet the striae in the H are normally not as

apparent, which may be the result of the weak intensity

of the H components and the limited dynamic range of

antennas. Nonetheless, the striae in our analysis are well

observed and correlated with both F and H components

from LOFAR observations.

4. OBSERVATIONS
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(b) Type J

Figure 2. The dynamic spectra of type III (a) and J (b) bursts with both F and H components observed by LOFAR. The same
time range for both F and H components, but twice the frequency range for the H component, is selected to derive their drift
rates, indicated by the solid rectangular boxes. The green lines are the best fit through all the positions of the fitted Gaussian
peaks using a linear fitting function.

The solar type III radio burst (left panel in Figure 2)

at around 11:57:00 UT on 16-April-2015 and the type

J burst (right panel in Figure 2) at 12:20:00 UT on

07-May-2015 are observed by the LOw Frequency AR-

ray (LOFAR; van Haarlem et al. 2013). LOFAR is a

large interferometric radio telescope with high spectro-

scopic and imaging capabilities, located primarily in the

Netherlands with a number of international stations in

other European countries. It was completed in 2012

by the Netherlands Institute for Radio Astronomy (AS-

TRON) and can observe with the Low Band Antenna

(LBA) and the High Band Antenna (HBA), optimized

for 30 - 80 MHz and 120 - 240 MHz, respectively. The

type III and J bursts here are observed by the tied-array

beam forming mode simultaneously with a maximum

frequency resolution of ∼ 12.2 kHz and time resolution

of ∼ 10 ms (Kontar et al. 2017).

We show our analysis of well observed type III and J

bursts with both F and H components and striae, de-

rive their frequency ratios and delay times, and compare

with those estimated from radio wave propagation sim-

ulations.

4.1. Overview of the type III burst

The type III burst presented in Figure 2 is composed

of two branches—the F branch between 30-65 MHz and

H branch between 30-72 MHz. The background is sub-

tracted by using quiet periods prior to the bursts, and

only the burst properties are analyzed. Their frequency

and time resolutions are 12.2 kHz and 52.4 ms, respec-

tively.

The type III-IIIb burst with F-H pairs is well ana-

lyzed in several papers. Kontar et al. (2017) demon-

strated that radio wave propagation effects dominated

the observed spatial characterization of radio burst

images. Using a model developed by Kontar et al.

(2019) to quantitatively study radio-wave propagation

in anisotropic density fluctuations, Chen et al. (2020)

found that anisotropic scattering simulations can repro-

duce the observed time profiles, centroid locations, and

source sizes of the type IIIb radio burst. From anal-

ysis of the dynamic spectrum, Sharykin et al. (2018)

provided statistically significant properties of individual

striae, Chen et al. (2018) explained that the striae fine

structures were caused by the background density fluc-

tuations, and Kolotkov et al. (2018) demonstrated that

the striae frequency drift can be modulated by a prop-

agating fast wave train. In this study, we focus on the

delay time and frequency ratio between the F and H

components.

The F emission started at around 11:56:54 UT and

ended at around 11:56:59 UT. Each distinct stria be-

tween 30-40 MHz contributes to a mean striae lifetime

of about 1 s, with longer duration times at lower fre-

quencies. The same time range and twice the frequency
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(a) Spectrum of type III burst
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(c) Spectrum of type J burst

12:19:56 12:19:58 12:20:00 12:20:02 12:20:04
Start Time (07-May-15 12:19:55)

55

60

65

70

75

F
re

q
u

e
n

c
y
 [

M
H

z
]

(c) Spectrum of type J burst

12:19:56 12:19:58 12:20:00 12:20:02 12:20:04
Start Time (07-May-15 12:19:55)

55

60

65

70

75

F
re

q
u

e
n

c
y
 [

M
H

z
]

1

4

15

F
lu

x
 [
s
fu

]

Type J (H)

Type J (F)

RH/F: 1.95  td: -1.66

(b) Correlation results

-1.5 -1.0 -0.5 0.0 0.5 1.0
Delay time [s]

1.5

1.6

1.7

1.8

1.9

2.0

R
H

/F

(b) Correlation results

-1.5 -1.0 -0.5 0.0 0.5 1.0
Delay time [s]

1.5

1.6

1.7

1.8

1.9

2.0

R
H

/F

-0.496

0.208

0.911

Type III

(d) Correlation results

-3 -2 -1 0
Delay time [s]

1.70

1.75

1.80

1.85

1.90

1.95

2.00

R
H

/F

(d) Correlation results

-3 -2 -1 0
Delay time [s]

1.70

1.75

1.80

1.85

1.90

1.95

2.00

R
H

/F

-0.41

0.18

0.77

Type J

Figure 3. Correlation results for type III and type J bursts: (a), (c) Enlarged dynamic spectra of the F (below) and H (upper)
components. The solid rectangular box in the H spectrum will slip with given time and frequency lags. The selected F spectrum
in the solid rectangular box is correlated with each slipped H spectrum. (b), (d) Two-dimensional cross correlation results
between the selected F and each slipped H (spectral) boxes. The peak correlation coefficients at each frequency ratio are shown
by green dots. The maximal correlation coefficient is marked by the plus symbol. If there is no time delay, the frequency ratio
at the peak correlation coefficient is marked by the cross symbol.
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range for the H branch (60-70 MHz) with respect to the

F branch (30-35 MHz) are selected for analysis. The

H/F frequency ratios are measured in two ways in our

study: from their drift rates and the cross correlations

between F and H spectra. The delay times are derived

from the peak time intervals of the F and H flux profiles

and cross correlations between F and H branches.

4.2. Frequency drift rates

The frequency drift rate df
dt for the F emission at the

local plasma frequency is dfF
dt =

dfpe

dt . Since fpe =√
e2n(r)/πme is a function of background electron den-

sity, then it can be written as dfF
dt =

dfpe

dn(r)
dn(r)
dr

dr
dt =

fpe

2n
dn(r)
dr

dr
dt . For the H emission at double the plasma fre-

quency, the frequency drift rate is dfH
dt =

d2fpe

dn(r)
dn(r)
dr

dr
dt =

2fpe

2n
dn(r)
dr

dr
dt . Therefore, the theoretical frequency drift

rate ratio between H and F emissions is DH/F =
dfH
dt /

dfF
dt = 2, which can be used for evidence of the har-

monic branches.

From the dynamic spectrum, the time profiles at each

frequency are fitted with a 1D Gaussian function. The

peak times at the maximum fitted flux at each frequency

are marked. They follow a linear function over small

frequency ranges. They are then fitted using a linear

function of f = df
dt t + C, seen from the two green lines

in the dynamic spectra (Figure 2) for both the F and

H components. The drift rates with 1-sigma errors are
df1

F

dt = −5.68 ± 0.16 MHz s−1 and
df1

H

dt = −10.30 ± 0.12

MHz s−1 for the F and H components respectively. The

drift rate of the H component is around twice that of the

F component, which can be further deduced as evidence

of a F-H pair.

Defining the drift rates for the F and H components as

DF = dfF
dt and DH = dfH

dt , then considering the drift rate

functions fF = DFt+ CF and fH = DHt+ CH, one can

derive a function of their H/F frequency ratio, Rdr
H/F =

fH
fF

= DH

DF
+ (CH − DH

DF
CF)f−1

F . Their H/F frequency

ratios are then calculated between the two green lines

from Figure 2. The frequency ratios range from 1.65 to

1.67 in the F frequency range of 30-35 MHz.

4.3. Cross correlations between the F and H branches

The H component is distinguished from the F, seen

from Figure 3(a). We select part of the F component in

a frequency range of 30-35 MHz by considering that the

cut-off frequency of the H emission is around 70 MHz.

In order to derive a cross correlation map, the fre-

quency range and time range need to be selected for the

H component. The 2D cross correlation is then calcu-

lated between the selected F component (the white box

in the lower panel from Figure 3(a)) and the slipped

H component (the white box, as an example at one in-

stance, in the upper panel from Figure 3(a)).

The frequency ratio is set up to range from 1.5 to

2.0 with a ratio lag of 0.01. A frequency ratio of 1.5

corresponds to a frequency range of 45.0-52.5 MHz for

the H, and a frequency ratio of 2.0 will determine a H

frequency range of 60-70 MHz. The time delay of the

H is set up to range from -1.84 s to 1.26 s, which is the

time difference between the start time of the H and the

start time of the F component at 11:56:55.8 UT. The

time step is set to be 0.05 s. We keep the same time

interval between the start and ending times for both F

and H components. The time range for the F is fixed

from 0 s (11:56:55.8 UT) to 3.10 s (11:56:58.9 UT) and

the time range for the H is slipped and changed with

each delay. For example, while the time delay for the H

is -1 s, the H time range is from -1 s (11:56:54.8 UT) to

2.10 s (11:56:57.9 UT).

In order to search for any time-delays and frequency

ratios between the F and H spectra, we create two-

dimensional cross-correlation functions (CCFs) as fol-

lows:

CCF =

∑
ij

(Xij −X)×
∑
ij

(Yij − Y )√
(
∑
ij

Xij −X)2 × (
∑
ij

Yij − Y )2

Here Xij and Yij are two sets of spectra of the F and H

components. We loop over all delay times and frequency

ratios and compute the overlap and correlation for each

shift. The effective correlation coefficients range from 0

to 1, meaning no correlation and maximum correlation,

respectively. The cross correlation map can be seen in

Figure 3(b).

Uncertainties of the time and frequency ratio lags are

determined using intensity randomization subset sam-

pling by taking an observed dynamic spectrum and cre-

ating 50 variations where the observed intensity is varied

by I±δI. The background flux level before the burst at

each frequency is taken as the uncertainty on the flux,

around 1 sfu, similar to Kontar et al. (2017). δI is ran-

domly taken from a normal distribution with a mean of

zero, and a standard deviation of one. The average fre-

quency ratio and delay time are obtained and the errors

are taken from the sum of the standard deviations, delay

time, frequency ratio resolutions and also the time and

frequency resolutions of LOFAR.

From the cross correlation map, the peak correla-

tion coefficients at each frequency ratio give the best-

matched delay times (dot symbols). The plus symbol

shows the maximal correlation coefficient at a delay time

of 1.00± 0.05 s and a frequency ratio of 1.99± 0.01 (seen

from Figure 3(b)), which means that the H emission in



7

56:56.0 56:56.5 56:57.0 56:57.5 56:58.0 56:58.5
Start Time (16-Apr-15 11:56:55)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
o
rm

a
liz

e
d
 F

lu
x

F  30.04 MHz H  60.06 MHz
Delay         1.05 s
Delay(fit)    0.94 s
Shifted F(cross)    0.94 s

(a)

30 31 32 33 34 35
Frequency of F [MHz]

0.5

1.0

1.5

2.0

D
e
la

y
 t
im

e
 [
s
]

Delay     

Delay(fit)

Delay(cross)

(b)

Figure 4. Statistical delay times for the type III burst: (a) Normalized time profiles of the F and H emissions at 30 and 60
MHz, respectively. Their Gaussian fit profiles are shown by dashed lines. The peak times of observed and fitted time profiles
are marked by the vertical solid and dashed lines, respectively. The time profile of the F component was shifted by a time lag
of 0.94 s from the cross correlation between the F and H emissions (solid red line). (b) Statistical delay times from observations
(black), fits (blue) and cross correlations (red) between F and H emissions between 30 MHz to 35 MHz.

the 60-70 MHz range is best matched with the F emis-

sions in 30-35 MHz with a delay time of 1.00 s. In other

words, the F emission is delayed by 1 s with respect to

the H emission. If there is no delay time between the F

and H components, the frequency ratio is 1.66± 0.01, as

seen from the cross symbol in Figure 3(b).

4.4. Statistical delay times

The normalized time profiles at frequencies of 30 MHz

(F, black solid line) and 60 MHz (H, blue solid line) and

their Gaussian fitted profiles (dashed lines) are shown as

an example in Figure 4(a). The vertical lines mark the

peak times of the flux curves. The delay times derived

from the intervals between the peak times of the original

and fitted flux profiles between 30 MHz (F) and 60 MHz

(H) are 1.05 s and 0.94 s, respectively. The time profiles

of the F and H components are also cross correlated,

which gives a delay time of 0.94 s for the maximum cross

correlation coefficient. After correcting for a time lag of

0.94 s, the shifted F component is shown by the red solid

line in Figure 4(a). These three methods (estimations

using the original, the fitted, and the cross correlation

profiles) give similar delay times of around 1 second at

30 MHz.

We also statistically obtain the delay times from the

flux profiles at each frequency between 30-35 MHz (F)

and twice the frequency for the H components, shown

in Figure 4(b). It shows the averaged time delays for

the original (black), fitted (blue), and the cross corre-

lated (red) time profiles are 1.19 s, 1.14 s and 1.08 s,

respectively.

Type III Burst Type J Burst

t
F
Dur [s] 1.27 2.19

t
H
Dur [s] 1.19 2.10

fmid [MHz] 32.5 36.0
dfF
dt

[MHz/s] −5.68 ± 0.16 −2.38 ± 0.11
dfH
dt

[MHz/s] −10.30 ± 0.12 −4.58 ± 0.14

Rdr
H/F 1.65-1.67 1.70-1.73

t
pk
d [s] 1.19 2.04

t
fit
d [s] 1.14 1.97

t
corr
d [s] 1.08 1.91

R
corr(td=0)

H/F 1.66 1.73

R
corr(max)

H/F 1.99 1.95

t
corr(max)
d [s] 1.00 1.67

Table 1. Characteristic parameters of the type III and type
J bursts, including t

F
Dur (the averaged duration given by the

FWHM from Gaussian fits for the F), t
H
Dur (averaged FWHM

duration for the H), fmid (middle frequency of the F com-
ponent), dfF

dt
(drift rate of the F), dfH

dt
(drift rate of the H),

Rdr
H/F (frequency ratio calculated between the two drifting

rate lines of the F and H), t
pk
d (averaged delay times calcu-

lated from the peak intervals of the flux curves of the F and
H), t

fit
d (averaged delay times derived from the peak intervals

of the fitted flux curves), t
corr
d (averaged delay times from the

cross correlations between the F and H at each frequency),

R
corr(td=0)

H/F (frequency ratio at the peak correlation coefficient

for the case of no time delay), R
corr(max)

H/F (frequency ratio at
the maximal correlation coefficient from the 2D cross corre-
lation between the F and H spectra), t

corr(max)
d (delay time

at the maximal correlation coefficient from the 2D cross cor-
relation).
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4.5. Type J burst

The F component of the type J burst was observed

between 30-80 MHz, with the H component between 52-

80 MHz. The F emission started at around 12:19:56

UT and ended with a long tail in the LOFAR observing

frequency range.

The same method to derive the frequency ratios and

delay times are implemented for type J as for type III

burst. All characteristic parameters are listed in Table

1. The frequency drift rate of the F branch is about
df2

F

dt = −2.38±0.11 MHz s−1 while that for the H branch

is roughly twice that of the F branch at
df2

H

dt = −4.58±
0.14 MHzs−1. Considering the lower drift rates than the

normal type III burst and near ”J” shape, the burst is

identified as a variant of the type III burst called a type

J burst (Reid & Kontar 2017). The frequency ratios

calculated from the drift rates range from 1.70 to 1.73

in the F frequency range of 33-39 MHz.

The results from cross correlations between the F and

H components are shown in Figure 3(d). It’s worth not-

ing that the lower cut-off frequency for the H is around

55 MHz, so the frequency ratio is set up to be from 1.67

(55 MHz/33 MHz) to 2.00. The delay times are set up

from -3.15 s to 0.75 s. The frequency ratio and delay

time are 1.95± 0.01 s and 1.67± 0.03 s at the maximal

correlation coefficient from the two dimensional cross

correlation map. The frequency ratio with no time de-

lay is 1.73± 0.01 at the peak correlation coefficient.

The delay times derived from peak time intervals of

the original flux profiles, the fitted flux profiles, and the

cross correlation between the F and H flux curves are

2.04 s, 1.97 s and 1.91 s, respectively, averaged in a

frequency range of 33-39 MHz (F) and twice those fre-

quencies for the H components.

5. SIMULATIONS OF RADIO WAVE

PROPAGATION

The observed properties of radio waves, including time

profiles, source positions, sizes, and emission directivity

can be strongly affected by the inhomogeneous density

fluctuations as they propagate through the turbulent

corona. There are very few studies on the time pro-

files that quantitatively investigate the delay times be-

tween F and H emissions resulting from their propaga-

tion through the turbulent coronal medium. In order to

quantitatively study the effects of radio wave propaga-

tion on the H/F frequency ratio and delay times between

the F and H components, we use ray tracing simulations

of radio wave propagation developed by Kontar et al.

(2019).

5.1. Brief introduction of the simulation set-up

28 30 32 34 36 38
Frequency [MHz]

0.36

0.38

0.40

0.42

D
e
la

y
 t
im

e
 (

ra
y
s
) 

[s
]

Cq= 0

Figure 5. Delay time as a function of frequency calculated
using simulations without scattering: Cq = 0 R−1

� , frequency
ratio RH/F=1.82, and heliocentric angle θ = 5◦.

In the simulations, the radio waves are treated as a

number of rays (105 in our case) with positions r and

wavenumbers k. Initially, they are seen as a point source

located at a given position which is related to the emit-

ting frequency. Then the radio waves propagate in the

turbulent corona and undergo refraction effects mainly

caused by the large-scale density gradient, as well as

scattering effects caused by small-scale density pertur-

bations. Their positions and wave vectors are calcu-

lated from the numerical solutions of the Fokker-Planck

equation and Hamilton’s equations in an unmagnetized

plasma (seen in Kontar et al. (2019)). All rays arrive at a

sphere where the scattering is assumed to be negligible.

Their arrival times, final positions and wave vectors are

recorded to produce the time profiles and source images.

Importantly, the diffusion coefficient (equation 14

in Kontar et al. 2019) is derived to describe the

anisotropic scattering effects, which is related to the

emitting frequency, the levels of the density fluctua-

tion, the scale height of the turbulence, and the density

anisotropy. The simulated properties of the radio waves

are mainly determined by the following: the frequency

ratio over the local plasma frequency, the spectrum-

weighted mean wavenumber of density fluctuations Cq

defined as 4πl
−1/3
i l

−2/3
o ε2 = Cqr

−0.88 (where r is related

to the emitting frequency in units of solar radii R�,

ε2 = 〈δn2〉/n2 is the variance of density fluctuations,

and li and lo give the inner and outer scales of the den-

sity turbulence), the anisotropic parameter α, and the

heliocentric angle θ between the line of sight and source

position in the ecliptic plane.

5.2. Cases without scattering
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Figure 6. Ray tracing simulation results: (a) Time profiles of both the F and H emissions at a local plasma frequency of 30
MHz, with a mean wavenumber of density fluctuations of Cq = 2300 R−1

� , anisotropy α=0.25, and heliocentric angle θ = 5◦.
(b) Simulated delay times taken from time intervals between the peak intensities of the F and H emission in a frequency range
from 30-36 MHz. The error bars represent the time bin width used for the histogram of the photon arrival times.

Firstly, we investigate the delay times between F and

H emissions without scattering effects (from small-scale

density fluctuations) by assuming the Cq number to

be 0. From the dispersion relation for electromagnetic

waves in an unmagnetized plasma, the group velocity

vgr = c2k/ω and ω2 = ω2
pe + k2c2 will be different for

the F emission at ωpe and H emission at 2ωpe. In this

case, the time delay is caused by different group veloc-

ities of the F and H components and refraction effects

from the large scale density perturbation.

The F components emit at a frequency close to the lo-

cal plasma frequency, which will be more strongly scat-

tered than the H components that emit at a higher fre-

quency. Thus, the peak time of the F will arrive later

than that for the H. The simulated delay times are de-

fined from the time interval between the peaks of the

histograms showing the photon arrival times of the F

and H emissions.

In the case of no scattering on small-scale density fluc-

tuations, the time bins for the F and H are 0.002 s so an

error of
√

(δtF/2)2 + (δtH/2)2 ∼ 0.001 s is directly con-

sidered. The statistical errors are from the finite number

of photons in the simulations, such that a larger number

of photons would give a smaller error in the simulated

delay time. The delay times vary from 0.41 ± 0.001 s to

0.37 ± 0.001 s at frequencies from 30 to 36 MHz, shown

in Figure 5. It can be seen that the delay times caused

without scattering (on small-scale density fluctuations)

are apparently too small compared to the delay times

from type III and type J burst observations. In the fol-

lowing, the delay times are investigated using multiple

simulation parameters for anisotropic scattering which

are necessary in order to explain solar radio emissions

at meter to kilometer wavelengths, as shown by previ-

ous studies (Kontar et al. 2019; Kuznetsov et al. 2020;

Chen et al. 2020; Musset et al. 2021; Zhang et al. 2021;

Clarkson et al. 2021).

5.3. Delay times for multiple simulation parameters

We take the same simulation parameters from Chen

et al. (2020), in which they found that the observed

time profiles, source sizes, and motion of the type III-

IIIb burst at 32 MHz (the same type III burst in Fig-

ure 2) can be simultaneously explained with anisotropic
radio-wave scattering due to turbulence with parame-

ters Cq = 2300 R−1
� , α=0.25, at a heliocentric angle of

θ = 5◦.

The simulated time profiles of both F and H compo-

nents at a local plasma frequency of 30 MHz are pre-

sented by the histogram of the photon arrival times,

shown in Figure 6(a). We consider the F frequency

1.1fpe and the H frequency 2fpe (giving a frequency ra-

tio of RH/F=1.82), the same as Chen et al. (2020). The

F components undergo a stronger scattering effect and

arrive later than the H components. As a result, the de-

lay time is 1.00 ± 0.04 s, measured as the time between

the peak times of the flux curves, which is close to the

averaged delay time from the observation of the type III

burst.

The simulated delay times in a frequency range from

30 to 36 MHz are presented in Figure 6(b). The de-
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Figure 7. Delay times from ray tracing simulation results for (a) multiple H/F frequency ratios (RH/F=1.60-1.90), (b) he-
liocentric angles (θ = 0◦ − 50◦), (c) multiple mean wavenumbers of the density fluctuations (Cq=80, 1200, 2300 and 4300
R−1

� ), and (d) anisotropy parameters (α=0.10, 0.25, 0.40, 0.55 and 0.70). For the additional parameters assumed, (a) θ = 5◦,
Cq = 2300 R−1

� , α=0.25, (b) RH/F=1.82, Cq = 2300 R−1
� , α=0.25, (c) RH/F=1.82, θ = 5◦, α=0.25, (d) RH/F=1.82, θ = 5◦,

Cq = 2300 R−1
� , respectively. The error bars represent the time bin width for the simulated time profiles.

lay times and frequencies follow a linear relation from

simulations, where the longer delay times correspond

to emissions at lower frequencies. The delay times are

roughly 1.00 ± 0.04 s at 30 MHz and 0.90 ± 0.03 s at

36 MHz.

The frequency ratios of the F component are simulated

as being 1.05, 1.10, 1.15, 1.20 and 1.25 times the local

plasma frequency fpe while the frequency ratio of the H

component is set to be 2fpe, which give H/F frequency

ratios of 1.90, 1.82, 1.74, 1.67 and 1.60 respectively. The

simulated delay times for multiple H/F frequency ratios

are shown in Figure 7(a). They have a linear relationship

with frequency for all assumed H/F frequency ratios.

The delay times are about 1.20 ± 0.05 s and 0.68 ± 0.04

s respectively for the H/F frequency ratios of 1.90 and

1.60 at fpe = 30 MHz. The delay time is longer for a

higher H/F frequency ratio, which is reasonable because

radio emission emitting closer to the plasma frequency

undergoes stronger scattering and thus incurs a longer

delay.

The delay times for multiple heliocentric angles θ of

the source varying from 0 to 50 degrees are represented

by the different colors in Figure 7(b). The delay times

change from 1.01 ± 0.04 s (0◦) to 1.16 ± 0.04 s (50◦)
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Figure 8. Ray tracing simulation results at 30 MHz: frequency ratio versus delay time. The different colors in three panels
represent a mixture of Cq=80, 1200, 2300 R−1

� and α=0.10, 0.25, 0.40 and 0.55.

at fpe = 30 MHz for a H/F frequency ratio of 1.82. It

seems that the heliocentric angle has a weak influence

on the delay times which become only slightly extended

for larger heliocentric angles.

We also investigate the delay times for multiple lev-

els of density fluctuations by simulating for multiple

spectrum-weighted mean wavenumbers of density fluc-

tuations (the Cq parameter), which are combinations of

the density fluctuation level and inner and outer scales of

the density fluctuations. Delay times for Cq=80, 1200,

2300, 4300 R−1
� with an anisotropy parameter of 0.25

are shown in Figure 7(c). The delay times are 0.64 ±
0.01 s to 1.09 ± 0.05 s at fpe = 30 MHz, for Cq= 80

and 4300 R−1
� , respectively. As expected, stronger den-

sity fluctuations for a larger Cq number will result in

stronger scattering and thus longer delay times.

Anisotropic density fluctuations that are predomi-

nantly in the perpendicular direction to the magnetic

field are required to describe the observed solar radio

bursts (Kontar et al. 2017, 2019; Kuznetsov et al. 2020;

Chen et al. 2020; Musset et al. 2021). When α < 1,

radio wave propagation aligns (to a larger degree) with

the radial direction, leading to a narrower time profile.

When α = 1, it represents the case of isotropic density

fluctuations. Anisotropy parameters of α=0.10, 0.25,

0.40, 0.55, 0.70 are considered, as shown in Figure 7(d).

Anisotropic scattering has a significant effect on the time

profiles. Strong anisotropy can highly reduce the dura-

tion of the radio emissions and delay times between the

F and H. Weak anisotropic scattering with α = 0.70

produces a delay of 4.19 ± 0.12 s, whereas the delay is

reduced to 0.87 ± 0.01 s for strong anisotropic scattering

with α = 0.10 at fpe = 30 MHz.

5.4. Frequency ratio and delay time

While inputting the density fluctuation parameters Cq

and their anisotropy α in our numerical models, we can

determine the frequency ratio vs. delay time at each

frequency. Figure 8 shows our predictions of the rela-

tion between frequency ratios and delay times for Cq =

[80, 1200, 2300] and α=[0.10, 0.25, 0.40, 0.55] at 30

MHz. Consequently, we make it feasible to quantita-

tively predict the relation between the frequency ratio

and delay time between the F and H emissions by deduc-

ing the density fluctuation properties from the spectral

and imaging radio observations and then applying those

parameters in ray tracing simulations.

6. SUMMARY

We presented the H/F frequency ratios and delay

times of the F component from observations of type

III and type J bursts with striae and compared them

to those resulting from radio wave propagation simula-

tions.

The striae in F and H components are expected to

correlate with each other. Cross correlations between

the spectra of F and H with striae are carried out to

find their best matched counterparts and can give the

frequency ratio and delay times simultaneously. The

statistical delay times averaged at 1.1 s and 2.0 s with

frequency ratios of 1.99 and 1.95 for the type III and

type J burst, respectively. Without correcting for the

delay times, the frequency ratios at the same time are

1.66 and 1.73—which are significantly different from the

theoretical prediction of 2.

For the plasma emission mechanism, both the F and

H emissions are generated at the same coronal location

but normally the H emissions arrive earlier than the F

emissions. The earlier arrival of the H emissions may

be caused by the combination of two effects: the faster

group velocity and weaker scattering effects than those

on the F emissions. We estimate the delay times caused

by the different group velocities and propagation effects

through ray-tracing simulations (Kontar et al. 2019).
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From our simulations, we quantitatively show the de-

lay times between the F and H emissions for multiple

H/F frequency ratios, heliocentric angles, density fluc-

tuation levels, and anisotropy parameters. When there

is no scattering from small-scale density fluctuations,

the delay time is caused by the different group velocities

and the refraction effects from large scale density fluctu-

ations. Such delay time is estimated to be around 0.41 s

at a local plasma frequency of 30 MHz, which is not suf-

ficient to explain the observed delay time. If we adopt

the same characteristic parameters as in the ray tracing

simulations that successfully reproduced the observed

properties of the same type IIIb burst analysed in Chen

et al. (2020), the simulated delay time (∼ 1.00±0.10 s

at 30 MHz) between the F and H components is very

close to the observed delay times derived from the orig-

inal (∼1.05 s at 30 MHz), fitted (∼0.94 s at 30 MHz)

and cross correlated (∼0.94 s at 30 MHz) time profiles

of the type IIIb burst, implying that propagation effects

have a main contribution to the delay times between F

and H emissions.

It may be deduced from the simulations in Figure

7, that a stronger scattering environment and weaker

anisotropy give a longer delay time. From the context of

observations, stronger scattering and weaker anisotropy

would cause a longer burst duration, which itself may

then imply longer delay times, as seen in Table 1. The

delay times vary from one event to another, likely due

to radio-wave propagation effects which vary with the

coronal properties from event to event. The observed

F component is delayed with respect to the observed H

component at each time point, which may be one of the

reasons that the source positions of F and H components

do not coincide at the same time. The delay of the F

component with respect to the H component could con-

tribute to the fact that the F and H sources do not co-

incide when imaged, alongside the effects of radio-wave

propagation which cause a larger shift of the F sources

away from their true position compared to the H sources

(Chrysaphi et al. 2018; Kontar et al. 2019; Chen et al.

2020).

Radio-wave propagation effects lead to a delay of the

F with respect to their H counterparts, producing an ob-

served frequency ratio lower than the theoretical ratio of

∼ 2. Radio burst F-H pair observations with fine struc-

tures can be used to derive this delay time and retrieve

the theoretical frequency ratio between striae counter-

parts. The delay time is dependent on the anisotropic

turbulent conditions that vary between events. We show

that the same parameters that reproduce the decay

times and source sizes can also predict the delay times

in radio-wave scattering simulations, offering a quan-

titative solution to the long-standing question of why

different frequency ratios are often observed.
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