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ABSTRACT

Context. The Sun’s activity can appear in terms of radio bursts. In the frequency range 8—33 MHz the radio telescope URAN-2
observed special fine structures appearing as a chain of stripes of enhanced radio emission in the dynamic radio spectrum. The chain
drifts slowly from 26 to 23 MHz within 4 min. The individual structures consist of a “head” at the high-frequency edge and a “tail”
rapidly drifting from the “head” to lower frequencies over an extent of ~10 MHz within 8 s. Since they resemble the well-known
“herring bones” in type II radio bursts, they are interpreted as shock accelerated electron beams.

Aims. The electron beams generating these fine structures are considered to be produced by shock drift acceleration (SDA). The beam
electrons excite Langmuir waves which are converted into radio waves by nonlinear wave-plasma processes. That is called plasma
emission. The aim of this paper is to link the radio spectral data of these fine structures to the theoretical results in order to gain a
better understanding of the generation of energetic electrons by shocks in the solar corona.

Methods. Adopting SDA for generating energetic electrons, the accelerated electrons establish a beam-like velocity distribution.
Plasma emission requires the excitation of Langmuir waves, which is efficient if the velocity of the beam electrons exceeds a few times
thermal electron speed. That is the case if the angle between the shock normal and the upstream magnetic field is nearly perpendicular.
Hence, the Rankine-Hugoniot relationships, which describe the shock transition in the framework of magnetohydrodynamics, are
evaluated for the special case of nearly perpendicular shocks under coronal circumstances.

Results. The radio data deduced from the dynamic radio spectrum can be related in the best way to the theoretical results, if the
electron beams, which generate these fine structures, are generated via SDA at an almost perpendicular shock, which is traveling

nearly horizontally to the surface of the Sun.
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1. Introduction

The Sun’s activity appears not only in the well-known 11-
yr sunspot cycle but also in eruptive events such as flares
and coronal mass ejections, as well as radio bursts. All these
events are accompanied by an enhanced radio emission. There-
fore the study of the Sun’s radio radiation provides impor-
tant information on plasma processes associated with the Sun’s
activity.

On April 7, 2011, special fine structures (see Fig. 1) were
recorded in the solar radio radiation in the frequency range
8-33 MHz with the radio spectrometer at the radio tele-
scope URAN-2 of Poltava Gravimetrical Observatory of Insti-
tute of Geophysics of National Academy of Sciences of Ukraine
(Brazhenko et al. 2005). Figure 1 shows the dynamic radio spec-
trum of these fine structures (Brazhenko et al. 2012). They ap-
pear as a chain of stripes of enhanced radio emission with a
pronounced circular polarization. The chain drifts slowly from
high towards low frequencies. The individual structures consist
of two components namely the “head” at the high-frequency
edge and the “tail” extending to lower frequencies (see also
Fig. 2). In other events in the decameter range, sometimes op-
posite cases are observed, that is, the heads appear at the low-
frequency edge, whereas the tails drift rapidly towards higher
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frequencies (V.N. Melnik, priv. comm.). In the case discussed
here, the high frequency edges of these heads drift slowly from
26 MHz towards 23 MHz in the period 11:44—11:48 UT (see
Fig. 1) leading to a drift rate Dfgq = —12.5 kHz/s. The tails ex-
tend over a frequency range of ~10 MHz with drift rates of about
Dk it = —1.25 MHz/s (see Fig. 2).

These structures resemble the “herring bones” that appear
as fine structures in solar type-II radio bursts. In dynamic ra-
dio spectra, solar type-II radio bursts manifest themselves as
stripes of enhanced radio emission slowly drifting from high
to low frequencies and are considered as the radio signature of
shock waves traveling through the corona (Smerd et al. 1962;
Wild & Smerd 1972; see as reviews e.g. Nelson & Melrose
1985; and Mann 1995). Approximately, 21% of all type-II radio
bursts show these so-called herring bones (Cane & White 1989).
They are rapidly drifting emission stripes shooting away from
the slowly drifting “backbone” towards lower and higher fre-
quencies (see e.g., Nelson & Melrose 1985; Cairns & Robinson
1987). Herring bones are regarded as the radio signature of elec-
tron beams generated by the shock wave associated with the
backbone (see e.g., Nelson & Melrose 1985; Mann 1995).

The fine structures shown in Fig. 1 can be considered as in-
dividual herring bones due to the following reasons.
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Fig. 1. Dynamic radio spectrum in the frequency range 8—33 MHz as recorded during the period 11:43-11:50 UT on 7 April 2011 with the
gray-scaled intensity (fop), which is given in solar flux units (1 s.f.u. = 10722 W m~2 Hz™ '), and degree of circular polarization (bottom).

— Cairns & Robinson (1987) described herring bones (HB)
in dynamic radio spectra: “... while the duration of a type-
IIT burst invariably increases towards lower frequencies, re-
sulting in a fan-like shape, a HB burst has a longer du-
ration nearer the starting frequency, thereby resembling a
thorn. This observation allows us to safely distinguish nor-
mal HB bursts from the type-III-like bursts ...” (see Cairns
& Robinson 1987, p. 367). The fine structures discussed
here show the same spectral morphology, that is, a thorn-like
shape (or in other words a head-tail structure).

HBs exhibit a pronounced circular polarization (Stewart &
Magun 1980; Suzuki et al. 1982; Cairns & Robinson 1987;
Dorovskyy et al. 2015). The fundamental radiation of HBs
is usually more circularly polarized than the harmonic one
(Cairns & Robinson 1987). The fine structures discussed
here show also a significantly circular polarization as seen
at the bottom of Fig. 1.

The slow drift of —12.5 kHz/s is typical for type-II bursts
in the decameter range (see e.g., Mann 1995; Melnik et al.
2004; Dorovskyy et al. 2015).

The fast drift rate of the tails of —1.25 MHz/s is typical of
HBs in the decameter range (Melnik et al. 2004; Dorovskyy
et al. 2015). We note that the drift rate of type-III bursts is
roughly about —2.36 MHz/s at 20 MHz according to Alvarez
& Haddock (1973). Typically, HBs have a lower drift rate
than type-III bursts in the same frequency range (Mann &
Klassen 2002).

Since the fine structures discussed here show all typical features
of HBs in the decameter range, it is justified to also consider
them as the radio signature of shock-accelerated electron beams
(Nelson & Melrose 1985; Cairns & Robinson 1987; Zlobec et al.
1993; Mann 1995, 2006; Aurass 1996; Cairns et al. 2003; Nindos
et al. 2008; Dorovsky et al. 2015). Hence, the slow drift of the
high-frequency edge of the chain of heads and the rapid drift
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Fig. 2. Sketch of the shape of the fine structures discussed here.

of the tails represent the radio signature of the associated shock
wave propagating outwards in the corona and the shock acceler-
ated electron beams shooting away from the shock, respectively.

The structures of discussion are superimposed on a long-
lasting type-IV continuum accompanied by a behind-limb coro-
nal mass ejection (CME). It is not unusual for type-II bursts to
occur with a type-IV continuum as reported by Melnik et al.
(2008) and Dorovskyy et al. (2015).

In the solar corona, shock waves can be generated either
by the blast wave due to the pressure pulse of a flare (Uchida
et al. 1973; VrSnak et al. 1995; Magdalenic et al. 2012) or
driven by a CME (Stewart et al. 1974a, 1974b; Melnik et al.
2008; Dorovskyy et al. 2015); they can be observed as type-II
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radio bursts in the metric and decameter wave ranges (Wild &
McCready 1950; Uchida 1960; Melnik et al. 2004; Dorovskyy
et al. 2015).

The mechanism by which electrons are accelerated up to
high energies is currently under debate, since energetic elec-
trons are the source of the nonthermal radio and X-ray radia-
tion. The aim of this paper is to examine what can be learnt from
these radio observations for the generation mechanism of ener-
getic electrons at shocks in space. Here, we assume that the elec-
trons are accelerated by shock drift acceleration (SDA; see e.g.,
Holman & Pesses 1983; Ball & Melrose 2001; Mann & Klassen
2005).

The radio telescope URAN-2 is briefly described in Sect. 2,
where the observational data deduced from the dynamic radio
spectrum in Fig. 1 are also presented. Data analysis is presented
in Sect. 3. The necessary conditions of radio emission via plasma
emission under coronal circumstances are discussed in Sect. 4.
In Sect. 5, the SDA is briefly introduced and the properties of
shock accelerated electron beams are derived. The link between
the observational data and the theoretical results is discussed in
Sect. 6. A Summary is presented in Sect. 7. A summary of the
Rankine-Hugoniot relationships describing the relation between
the physical quantities in the up- and downstream regions of a
shock is given in Appendix A.

2. Observations

The observations were performed with the radio telescope
URAN-2 (Brazhenko et al. 2005) of the Poltava Gravimetri-
cal Observatory of the Geophysics Institute in the National
Academy of Sciences of Ukraine. The telescope was built near
Poltava (Ukraine) in 1992 and is part of the all-Ukrainian inter-
ferometer URAN (Ukrainian Radio Interferometer of National
Academy of Sciences). The radio telescope consists of 512
broadband dipoles. The telescope area comprises 238 m X 118 m
(corresponding to 28 000 m?). The beam of the radio telescope
is 7° x 3° at 25 MHz and is operated electronically. The work-
ing frequency band is from 8 to 33 MHz. The radio telescope
URAN-2 has the capacity to measure polarization of radio emis-
sion. It is used both as a part of the interferometer for observa-
tions of extragalactic objects such as quasars and radio galaxies,
and as an autonomous instrument for observations of the Sun
and Jupiter. Observations of solar radio emission are carried out
daily at intervals of approximately 3 h and more centered to the
meridian. The tracking of the Sun is automatic with a switch
frequency of once every four minutes. DSP (Digital Spectral Po-
larimeter; Ryabov et al. 2010) with time resolution 1-100 ms
and frequency resolution 4 kHz was used in solar observations
during 2011. The dynamic range of DSP is 90 dB. The sensitiv-
ity of the radio telescope URAN-2 is about 500 Jy during solar
observations.

With this instrument, special fine structures are observed on
April 7, 2011, as presented in Fig. 1. In dynamic spectra, the
morphology of such individual structures is illustrated in Fig. 2.
These consist of a “head” at its high frequency edge and a “tail”
rapidly drifting towards lower frequencies. The high frequency
edges (heads) of these structures drift from 26 MHz to 23 MHz
in the period 11:44—-11:48 UT, that is, within 4 min, resulting in a
drift rate of —12.5 kHz/s. The structure occurring on 11:46:40 UT
in the dynamic radio spectrum (see Fig. 1) is selected to deter-
mine their typical spectral features. The temporal leading edge of
its “tail” drifts from 25 MHz towards 15 MHz within 8 s leading
to a drift rate of —1.25 MHz/s. In Fig. 1, tail structures are also
seen in the frequency range 28—32 MHz indicating the emission

in the 25—15 MHz range to be the fundamental one. This as-
sumption is supported by the argument that they show a pro-
nounced circular polarization (see Fig. 1) as is typical for the
fundamental HB emission (Cairns & Robinson 1987).

3. Data analysis

In the solar corona, the nonthermal radio radiation in the MHz-
range is regarded to be plasma emission, that is, the emission
of the frequency f takes place near the local electron plasma
frequency wpe = (4me’N/me)'/? (e, elementary charge; N.,
electron number density; m,, electron mass) and/or its harmon-
ics (Ginzburg & Zheleznyakov 1958; Melrose 1985), that is,
f = nfpe (fe = wpe/2m) with n = 1 and n = 2 for fundamental
and harmonic emission, respectively. Since the electron plasma
frequency depends solely on the electron number density N, and
because of the gravitational density stratification of the corona, a
radio source causes a negative or positive frequency drift in the
dynamic radio spectrum, if it is moving up- or downwards in the
corona, respectively. In order to derive a radial source velocity
from the frequency drift, a density model of the corona has to be
employed. By means of such a density model, a radial distance r
from the center of the Sun is related to a definite electron number
density and, hence, electron plasma frequency.

The 25 MHz-level corresponds to an electron number density
N, = 7.75 x 10° cm™ assuming fundamental (n = 1) emission.
We note that the assumption of fundamental emission is justified
as already discussed in Sect. 2.

Since the 25 MHz level is probably located in the outer
corona (Mann et al. 1999; Warmuth & Mann 2005; Zucca et al.
2014) the one-fold Newkirk model (1961),

Ne(r) = Ny x 10*32Fe/7), (1

with Ny = 4.2 x 10* cm™ seems to be appropriate in this region.
R denotes the radius of the Sun. The Newkirk (1961) model
results from white light scattering measurements of the corona
and describes the radial behavior of the electron number density
very well in the middle of the corona (Koutchmy 1994). It cor-
responds to a hydrostatic (or barometric) density model with a
temperature 7 = 1.4 x 10% K (Mann et al. 1999). Employing
this model, the 26 and 23 MHz-levels are located at radial dis-
tances r = 1.878 Ry, and 1.969 R, from the center of the Sun, re-
spectively. Thus, a distance of 0.091 R, is covered by the slowly
drifting radio source within a period of 240 s resulting in a ra-
dial velocity of V;gq = 264 kms~!. The tails are drifting from
25 MHz towards 15 MHz within 8 s. Since the 25 MHz and
15 MHz-levels are located at radial distances r = 1.906 R, and
2.370 Ry from the center of the Sun according to Eq. (1), re-
spectively, the radial source velocity of the tail is found to be
Vigail = 40400 kms™!.

At the 25 MHz-level, that is, at 1.906 R, a magnetic field B
of 0.58 G is derived by means of

B(r) = By - [(r/Ro) = 117", 2

with By = 0.5 G (Dulk & McLean 1978). This formula ap-
proximately describes the radial behavior of the magnetic field
strength above active regions. Hence, one gets an Alfvén speed
(for definition see Appendix A) of 423 kms~' and a ratio be-
tween the electron plasma frequency wp. and the electron cy-
clotron frequency wee of wpe/wee = 15 at the 25 MHz level
(wee = eB/mec; c, velocity of light). For comparison, a sound
speed ¢s = (ykpT /fim,,)"/? (see Appendix A) and a thermal elec-
tron velocity vpe = (kgT/me)'/? (kg, Boltzmann’s constant; m,
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proton mass) of 179 kms~! and 4600 kms~' are obtained for a
coronal temperature of T = 1.4 x 10° K,y = 5/3, and ji = 0.6
(Priest 1982), respectively. With such values for the sound and
Alfvén speed, a plasma beta of 0.2 is obtained according to
Eq. (A11).

4. Plasma emission

As already mentioned in the previous section, the radio emis-
sion of the fine structures is assumed to be plasma emission. In
this case, energetic electrons excite electrostatic high-frequency
plasma waves such as, for example, Langmuir waves which are
converted into escaping radio waves by nonlinear plasma pro-
cesses (Melrose 1985). Hence, the appearance of energetic elec-
trons is a necessary condition for nonthermal radio emission.
Langmuir waves with the frequency wr, and wave number k
are governed by the dispersion relation
wp, = w%e + 3k2vt2h’e, 3)
(Baumjohann & Treumann 1997). These waves can be excited
by electron-beam plasma instability. The resonance condition,

0 =wr — Vpk = wee =~ w1, — Viok, (4)
(Treumann & Baumjohann 1997) leads to
3wi
Vo =tne  \|—5—73 > V3:Une &)
WL, — Wpe

Here, wpe/wee > 1 (see Sect. 3) has been taken into account. V},
denotes the velocity of the electron beam along the ambient mag-
netic field. The inspection of Eq. (5) shows, that Vi, > 31/2 . py
is a necessary condition for the excitation of Langmuir waves by
an electron beam.

In the case discussed here, the electron velocity distribution
function is composed of background electrons with a particle
number density Ny and temperature 7, and the beam electrons
with a particle number density N, and the temperature Ty; it
can be written for the complete electron velocity distribution
function

F(V) = ! w| N0 v,
(No + Nv) m?
th,
N e (VP 22k, | )

[5 02
270y,

with Uth,0 = (kBT()/me)l/z and Uthp = (kBTb/mc)l/z. We note that
the velocity distribution function is normalized to unity here. The
requirement of a current-free plasma leads to Vo = — V(N /No).
Now, all velocities are normalized to the thermal speed of the
background electrons vy g, that is, U = V/vmo, Uo = Vo/vmo,
and Uy, = V}, /vy - Taking into account dV = vy, ¢dU, Eq. (6) can
be rewritten as

1 1

T+ Van

with v = Ny /Ny and w = vy p/vm. Thus, w denotes the width of
the beam in velocity space. The occurrence of an instability for
exciting Langmuir waves requires that there is a region where

F(U)

) (e—(U—VUb)2/2 + Z 3 e—(U—Ub)Z/ZwZ), (7)
w
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the velocity distribution function fulfills d¥/dU > 0 (Treumann
& Baumjohann 1997) leading to

(Up - U)
y. b Y

- ef(Ube)z/sz > (U +vUy) - ef(UJrth)?/z’

(®)

w
by means of Eq. (7). Equation (8) shows that instability occurs
only for U < Uy. The left-hand side of Eq. (8) has a maximum
at U = Uy —w. Inserting U = Uy, —w into Eq. (8), the inequality,

2
v>uw? e [(1 +v)Up — w] - e [THUeul /2,

©))

results in a sufficient condition for exciting Langmuir waves.

5. Shock drift acceleration

Here, we assume that the electron beams related to the discussed
fine structures (HBs) are produced by SDA. A fast magnetosonic
shock wave is accompanied by a magnetic field compression.
Thus, it is a moving magnetic mirror, at which charged particles
can be reflected and accelerated. The acceleration happens by
the electric field, which is induced in the shock transition region.

For a brief introduction to SDA, we refer to the papers by
Holman & Pesses (1983), Ball & Melrose (2001), and Mann &
Klassen (2005) for a much more detailed description.

Since the tail’s associated electron beams have typical veloc-
ities ~40 000 km s~ (or energies ~5 keV), they can be treated in
a non-relativistic manner.

The SDA is usually described in the de Hoffmann-Teller
frame, in which the shock wave is at rest and the motional elec-
tric field is removed. Therefore, the reflection process can be
treated by conservation of the kinetic energy and the magnetic
moment in this special frame. As a result, the velocity gain due
to SDA is given by

Vr,” = 21)S sec — V,"”, (10)

with vg being the shock speed in the laboratory frame (Holman &
Pesses 1983). Here, V;); and V, | denote the particle velocity par-
allel to the ambient magnetic field before and after the reflection
process, respectively. 8 is the angle between the upstream mag-
netic field B and the shock normal ng. Because of the conserva-
tion of the magnetic moment, the particle velocity perpendicular
to the magnetic field stays unchanged during the reflection pro-
cess.

Vr,J_ = Vu_ (11)

Assuming a Maxwellian distribution (it is normalized to unity
here),
. 7(VH2+VE)/21)2

1
SV, vy = W e the, (12)

which is the initial state in the upstream region, after the reflec-
tion process, the velocity distribution function of the accelerated
electrons has the form (see Eq. (15) in Mann & Klassen 2005)

fae = OV=V5)-O(VL=Vi)
_ 2, 2
with
Vije = tanage - /(V) = V)2 + V2, (14)
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Fig. 3. The velocity distribution function of the accelerated electrons is
non-zero in the hatched region in the V, — V—plane for Vs = 4vy,,,
Ve = Svpe and o). = 45°. The dashed line represents the line V, =
(V} = Vi) - tan ac. The full line represents the function V, =V, (V) for
the above given parameters.

where Vi = vssec @ and V, = (2edyr/m.)'/?. Here, @ is the well-
known step function, that is, ®(x) = 1 for x > 0 and O(x) = 0
for x < 0. We note that V represents the shock speed in the
de Hoffmann-Teller frame. The loss-cone angle ¢ is given by
@ = arcsin[(B;/B,)"/?] with B, and B, as the magnetic field
strength in the up- and downstream regions, respectively.

Due to the different inertia of electrons and protons, a
cross-shock potential is established at the shock transition re-
gion (Goddrich & Scudder 1984; Kunic et al. 2001). In the de
Hoffmann-Teller frame it is given by

Y T,
kgTy | =2 -1
-1 ! [Tl ]

where v is the ratio of the specific heats (see Eq. (10) in Mann &
Klassen 2005), and T and T, denote the temperatures in the up-
and downstream regions, respectively.

The distribution function of Eq. (13) represents a so-called
shifted loss-cone distribution (Leroy & Mangeney 1984; Wu
1984). It is nonzero in the region defined by V|, > V, and

Vi > Vi in the V, — V) plane as illustrated in Fig. 3. The
reduced distribution function is defined by

edur = (15)

F(V)) =2n- fw AV, -V, - f(V}, VL), (16)
0

with f as the usual distribution function in the whole velocity
space. For the accelerated electrons it is found to be

[V) = Vi(1 + cos? aye)]?
Facc = ®(VII - Vs) ' Fb ceXp|— 5 ) s (17)
2vth’e COS? ¢
with
1 2 «in2 2 2 2
- . —[V sin” ey +V; tan ”10]/2”th,e 18
b (27711t2}w)'/2 (18)

(see Eq. (16) in Mann & Klassen 2005). The reduced distribu-
tion function depends solely on the velocity component Vj. For
illustration, the shape of the reduced distribution (see Eq. (17))
is presented in Fig. 4; it represents a distribution function of
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Fig. 4. Shape of the reduced distribution function for Vs = 4oy, Ve =
Svpme and @i = 45°. Its beam-like shape is evident.

an electron beam with the velocity V,, = V(1 + cos? @) and
the width 2!/2vy, ¢ cOs @jc. Face is not vanishing for V; > V. At
Vi = Vi, it takes the value

Faee(Vy = Vi) = . e [VEQsin? ane)+VE tan? e /205, (19)

2 1/2
Qi )

Once again, the distribution function of the accelerated electrons
has the shape of a shifted loss-cone distribution. There are re-
gions with dfyc/0V) > 0 and 0 f,.c/0V, > 0, which gives rise
to an instability as a mixture of both a loss-cone and beam in-
stability. As already discussed in Sect. 3, such instabilities lead
to exciting Langmuir waves (Treumann & Baumjohann 1997),
which are nonlinearly converted into radio waves. Hence, the
electron beams produced by SDA are able to emit radio waves.

6. Discussion

As already mentioned in Sect. 1, the chain of fine structures in
Fig. 1 is interpreted as the radio signature of a chain of elec-
tron beams generated by a shock wave traveling outwards in the
corona. Hence, V, = V(1 + cos? @) and v can be interpreted
as the velocity of the electron beam and the associated shock,
respectively.

Because the shock-accelerated electron beams must be able
to excite Langmuir waves in order to emit radio waves, their ve-
locity Vi, must necessarily fulfill Vy, > 3V 2vﬂw (see Eq. (5)) lead-
ing to the requirement

Vs e 1 18.9
MA = — > \/g . Ui . = .
N va  (I+cos?ar) (1 +cos?a)

Here, vy = 4600 km s7!and vy = 423 kms™! (see Sect. 3) have
been used for the thermal electron speed vy, e and Alfvén speed
va, respectively. As a result, the appearance of radio emission
from shock-accelerated electron beams requires that the associ-
ated shock must be a high Alfvén-Mach number (i.e., Ms > 1)
in the de Hoffmann-Teller frame and, hence, a nearly perpen-
dicular one (i.e., 8 — 90°). That is the reason why the Rankine-
Hugoniot relationships are especially evaluated for the case of an
almost perpendicular shock in Appendix A, that is, in the regime
Mp > 1 and 8 — 90°. We note that the relationship between
the quantities of the up- and downstream regions of the shock

(20)

A41, page 5 of 9


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730546&pdf_id=3
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730546&pdf_id=4

A&A 609, A41 (2018)

|
|
|
|
|
|
|
|
: shock
|

|

Fig. 5. Shock geometry in the corona.

can be studied by the magnetohydrodynamic Rankine-Hugoniot
relationships in a magnetized plasma such as the corona (see
Appendix A).

Figure 5 presents the shock geometry in the corona. The
shock is oriented perpendicular to the image plane. The shock
normal ng takes an angle « to the radial direction n; and an angle
0 to the upstream magnetic field B .

According to Fig. 5, the radial velocities of the shock v,
and of the electron beam V;j, are given by v, = vs - cosa and
Viw = Wb - cos(6 — a), respectively. They are identified with the
velocities of the slowly drifting chain, that is, V; s = v, and of
the tails, that is, Vi i = Vip, as derived from the dynamic radio
spectrum (see Fig. 1).

Then, the real shock speed is given by v = v, ¢/cos a result-
ing in

s 1

cosa = — - "
VA1 MA

062
My

2y

with M}, = v5/va; as the Alfvén-Mach number in the laboratory

frame. Here, vy = V; s = 264 km sl andva; = 463 kms~! have
been used. Thus, the angle @ and the shock speed vs = M}, - va1
can be determined for a given value of M}. Furthermore, the
relationship

Vr,tail
Vr,sd

Vi - cos(8 — @)
Vs - COS

153 =

[1+tana-tand] - (1 + cos? )

[1 +tana-tan0]-(2—l) (22)

X
can be derived for calculating the angle 6 for a given value
of M. The angle a, is given by @i = arcsin[(B/B»)'?] =
arcsin[X~!/?] for a nearly perpendicular shock (see Eq. (A.9)).
We note that the density jump X across the shock is a function of
M, according to Eq. (A.10). With the so-found angles a, 6, and
ayc, the velocity of the electron beam Vy, = v5-sec6-(1 + cos? a1c)
can be determined. As a result, all quantities can be fixed for
a given value of M} or X taking into account the results of
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the Rankine-Hugoniot relationships (see Appendix). Varying X
in the range 1.4-2.6, the best fit with respect to the observa-
tions, that is, Vis¢ = vrs = 264 km s~ and Vitwr = Vep =
40400 kms™', is found for X = 2.3 resulting in: M, = 2.38,
vs = 1010 kms™!, @ = 74.8°, o = 41.3°, 0 = 87.8°,
V. = 26.500 kms~!, and Vi, = 41400 kms~'. This leads to an
Alfvén-Mach number of the associated shock My = Vi /v = 63
in the de Hoffmann-Teller frame as should be expected (i.e.,
My > 1; see the discussion with respect to Eq. (20)). Employ-
ing all these parameters, the radial velocity of the electron beam
Viv = Vb - cos(@ — @) is 40400 km s~ and agrees well with the
radial speed of the tail’s radio source as derived from the dy-
namic radio spectra in Fig. 1. Thus, the cycle of argumentation
is closed in the best way for this fit. Consequently, it is justified
to consider the derived shock parameters as the real ones.

By means of SDA the electrons are accelerated up to veloci-
ties V| > V,. We note that both V; and V;, are greater than 3V thh,e
(.e., Vi = 26500 kms™' > 5.804 and V,, = 41400 kms™!
> 9.0v e With vy e = 4600 km s~ as required for exciting Lang-
muir waves (see the discussion in Sect. 4). The ratio between
the number density of the beam electrons and background ones

Ny /Ny can be determined to be v = N, /Nog = Fy, - vtlh/i by compar-
ing the velocity distribution function of shock-accelerated elec-
trons (see Eq. (17)) with that of an electron beam (see Eq. (6)).
Fy is given by Eq. (18). With the above given parameters, one
gets v = Ny/Ny = 4.9 x 107! with V., = 6.54v4, according to
Eq. (A.13). Then, the sufficient condition for exciting Langmuir
waves (see Eq. (9)) is well fulfilled by the shock-accelerated
electrons, that is, v = 4.9 x 107! > 1.3 x 10714,

In the special case of V|| = V, the accelerated electrons are at
rest in the de Hoffmann-Teller frame, or, in other words, they are
attached at the shock, that is, they cannot leave the shock front.
The inspection of Egs. (13) and (17) as well as of Fig. 4 reveals
that there is a substantial number of accelerated electrons at ve-
locities of V| = V. They show a positive slope in the velocity
distribution (see Eq. (17) and Fig. 4), that is, dFy../dV) > 0, giv-
ing rise to Langmuir wave excitation (Treumann & Baumjohann
1997). Since they cannot leave the shock front, they move with
the shock through the corona. These electrons could cause the
radio radiation of the heads, whereas the tails are generated by
the electrons forming the beam at velocities V) = V4. Thus, this
approach is also able to explain the head and tail radiation as
different components of the fine structures.

To emit radio waves via plasma emission, the excitation of
Langmuir waves is necessary. As discussed in Sect. 4, the veloc-
ity of the electron beam generating Langmuir waves must exceed
at least 3”2%,6, that is,

v sec O(1 + cos® ayg) > V3. Vth,e- (23)
This condition is dependent on the shock speed vs and the ther-
mal electron velocity vy as well as the angles 6 and ;.. The
angle 0 is the most crucial parameter. The condition (23) is well
fulfilled for 6 > 87° in the case discussed here. Once again, 6
is the angle between the shock normal and the upstream mag-
netic field. This angle can vary during the motion of the shock
through the corona. If the value of 6 drops below this threshold,
the excitation of Langmuir waves and, consequently, the associ-
ated radio emission are switched off. Thus, the appearance of the
discussed fine structures is crucially dependent on the value of
6. This could explain the bursty occurrence of them leading to
a slowly drifting chain of such structures in the dynamic radio
spectrum.
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Fig. 6. Sketch of a shock propagating laterally with respect to the solar
surface in the corona. The shock is traveling into the direction n. At
the flanks, shocks are formed with different angles 6 between the shock
normal n; and the upstream magnetic field B. Electrons accelerated due
to SDA can propagate along the upstream magnetic field towards both
the higher and/or lower corona.

Shock drift acceleration only produces electron beams in the
upstream region. Such beams are necessary to excite Langmuir
waves and, consequently, for the emission of radio waves, as
already mentioned in Sect. 1. Herring bones drift away from
the backbone towards low and high frequencies in dynamic ra-
dio spectra. This phenomenon was interpreted by Holman &
Pesses (1983) as a curved shock wave traveling through the
corona. It can generate electron beams at different parts of the
shock as illustrated in Fig. 6. That leads to a drift towards lower
and/or higher frequencies of the associated HBs in dynamic ra-
dio spectra. But the emission of radio waves can only happen
if Langmuir waves are excited, which requires the fulfilment of
condition (23). If this condition is not fulfilled, for example in the
case discussed where 6 < 87°, then there is no radio emission.
That may explain why only negatively drifting tails are seen in
the observations discussed here.

Energetic electrons in the solar corona are also observed
in terms of type-III bursts in the solar radio radiation (Wild &
McCready 1950; Reid & Ratcliffe 2014, for review). They ap-
pear as emission stripes rapidly drifting from high to low fre-
quencies (sometimes down to a few tens of kHz) in dynamic
radio spectra (Suzuki & Dulk 1985). These bursts are regarded
as the radio signature of beams of energetic electrons traveling
along magnetic field lines through the corona and sometimes up
to the interplanetary space. These energetic electrons are pro-
duced as a result of flares (or magnetic reconnection). Initially,
they have a power law distribution in velocity space. Due to their
spatio-temporal evolution, they form a beam-like distribution,
that is, with positive slope in the velocity distribution, after a
distance from the initial acceleration region as discussed by Reid
etal. (2011, 2014). Then, they are able to excite Langmuir waves
which are converted into radio waves by nonlinear wave-particle
interactions (Melrose 1985). In contradiction to the energetic

electrons associated with type-III bursts, SDA initially generates
a beam-like electron distribution (see Eq. (17)). Thus, the excita-
tion of Langmuir waves and the emission of radio waves in terms
of HBs happens immediately in the vicinity of the shock. In the
case discussed here (see Fig. 1), the tails appear in the frequency
range 25—15 MHz, that is, the associated electron beam travels
over a distance of 323 Mm before the radio emission is switched
off. According to the discussion by Reid & Kontar (2013, 2015),
such electron beams are influenced by Coulomb collisions, scat-
tering at density fluctuation in the background plasma, and in-
homogeneities of the magnetic field as well as emissions and
absorptions of Langmuir waves. Because they have energies of
about 5 keV, as in the present case, Coulomb collisions and scat-
tering at density fluctuations could be the most important in-
fluences on the electron beam (see the discussion in Mann &
Klassen 2005; and the results of Reid & Kontar 2013, 2015) re-
sulting in a destruction of the beam followed by the interruption
of Langmuir wave excitation, and, finally, in the switching off of
the radio emission.

As a result, the HB structures observed in the decameter
range are generated by electron beams produced by a nearly
perpendicular shock, which laterally propagates in the corona.
Such shocks can be driven by the expanding flanks of CMEs
moving upwards through the corona. Such a scenario is con-
firmed by observations (Sala-Matamoros et al. 2016), theoretical
studies (Schmidt & Cairns 2012a, b) and numerical simulations
(Schmidt et al. 2014).

7. Summary

The Ukrainian radio telescope URAN-2 recorded special fine
structures in the solar radio radiation on April 7, 2011. They
appear as slowly drifting chains of stripes of enhanced radio
emission in the dynamic radio spectrum in the frequency range
8—33 MHz (see Fig. 1). The chain drifts from 26 to 23 MHz
within 240 s. The discussed fine structures consist of two com-
ponents, namely, the head at the high frequency edge and the
tail, which rapidly drifts from high to low frequencies, that is,
over ~10 MHz within ~8 s. The slow drift rate of the chains cor-
responds to those of solar type-II radio bursts in this frequency
range. Solar type-II radio bursts are regarded as the radio signa-
ture of shock waves traveling outwards through the corona. The
tails resembling HBs appear as special fine structures in solar
type-1II radio bursts. Herringbones are considered to be the ra-
dio signatures of electron beams accelerated at the type-II-burst-
associated shock wave. For these reasons, the tails are interpreted
as shock-accelerated electron beams. According to this view, the
slow drift is identified as a shock wave moving outwards in the
corona. As mentioned in Sect. 1, there are also cases in which the
tails drift towards higher frequencies. These can be explained in
the following way: generally, in the case of SDA, the electrons
are scattered back into the upstream region, where they appear
as beams of energetic electrons. If the upstream magnetic field is
directed outwards, that is, into regions with lower electron num-
ber densities, the tails show a negative drift in the dynamic radio
spectrum. In the opposite case, in which the upstream magnetic
field is directed towards the lower corona, that is, into regions
with higher electrons number densities, the tails drift towards
higher frequencies.

Since the radio emission in this frequency range, that is,
8—33 MHz, is thought to be plasma emission (as discussed in
Sect. 4), these radio waves are emanated from the outer corona.
The radial velocities of the shock-accelerated electron beams
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and the associated shock waves are derived to 40400 km s~
264 kms™!, respectively.

The electrons are thought to be accelerated by SDA. In the
framework of SDA, a shifted loss-cone distribution is established
for the accelerated electrons. This results in a beam-like distri-
bution with respect to the electron velocities parallel to the am-
bient magnetic field. Such a distribution is unstable for exciting
Langmuir waves. This requires the velocity of the electron beam
to exceed 3'/? times the thermal electron velocity. If the elec-
tron beam is generated by SDA, then only a nearly-perpendicular
fast mode shock fulfills this condition. This is why the Rankine-
Hugoniot relationships are evaluated under the assumption of an
almost perpendicular shock (see Appendix A).

Taking all of the above into account, the most robust sce-
nario linking the observational data, that is, the radial velocities
of the shock and the electron beam, to the theoretical results, in-
volves an almost perpendicular shock, traveling with a speed of
1010 kms™! nearly horizontal with respect to the surface of the
Sun, generating electron beams with a velocity of 41400 kms™!
by means of SDA.
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Appendix A: Rankine-Hugoniot relationships
in magnetohydrodynamics

A shock wave is basically a discontinuity with a mass flux
across it. It is additionally a dissipative structure. In a magne-
tized plasma such as the corona, shock waves can be described
by conservation of mass, momentum, energy, and magnetic flux
in terms of the magnetohydrodynamic (MHD) equations. This
is usually done in the de Hoffmann-Teller frame, in which the
shock is at rest and the motional electric field is removed (see
e.g., Priest 1982).

The framework of the shock is given in the following way:
The shock normal ny is directed along the x-axis, that is, the
shock itself is located in the y — z plane. The magnetic field B
is put in the x — z plane and takes an angle 6 to the x-axis in the
upstream region. All quantities with the subscript 1 and 2 denote
those in the up- and downstream regions, respectively. Then, the
conservation of mass, x- and z-component of the momentum,
energy and magnetic flux leads to the jump relationships in terms
of X = p2/p1:

By, = By,, (Al)
U2y 1
= A2
o X (A.2)
2
v, Mjx-1
e ZAT (A3)
U1z MA X
Ba _ 02 X, (A4)
Blz Uiz
2 =1+ u . & M2
T1 2 651 A
20 M2 -1 2
1080 g Mam DL (A.5)
X2 (M3 — X)?

(Priest 1982). Here, the Alfvén and sound speed are given by
va1 = B1/(4npy)'? and ¢g; = (yp1/p1)"/? (v, ratio of the specific
heats) in the upstream region, respectively. p denotes the mass
density, which is related to the full particle number density N by
p = fimpN (m,, proton mass; fi, mean molecular weight). Addi-
tionally, the equation of state p = NkgT has been used. It relates
the pressure p to the full particle number N and the temperature
T. Then, the sound speed is also given by cs = (ykgT/fim,)"/2.
The Alfvén-Mach number M is defined by Ma = (vs/va1)-sec 6,
it is actually the Alfvén-Mach number in the de Hoffmann-Teller
frame. Here, vs denotes the shock speed in the laboratory frame.
These jump relationships are supplemented by a polynominal of
the third order in X:

0 = (M%-X)*

c? M2
X {X% + TA cos’ O[X(y — 1) — (y + 1)]}
N

+X - —2 .sin?9x

2
{ly + x@ = yIM} - XI(y + 1) - X(y - D]},

(Priest 1982). In the limit X — 1, this provides the well-known

three MHD modes, namely the Alfvén wave (M = 1) as well as

the fast (M > 1) and slow (M < 1) magnetoacoustic waves.
By means of Eqgs. (A.1), (A.3), and (A.4), one gets

(A.6)

B2 M? - 1)2X?
B ooy Maz DX 2 (A7)
B? (MZ% - X)?

10

9

8

Fig. A.1. Dependence of M} on X according to Eq. (A.10) for 8 = 0.2.

At a shock, there must be a positive jump of the density (i.e.,
X > 1) in order to guarantee an increase of the entropy (see
Priest 1982), which is necessary for a dissipative structure. Then,
according to Eq. (A.7), B; < B, that is, magnetic field energy
increases across the fast-mode shocks (i.e., Ma > X).

In the special case of a nearly perpendicular shock, that is,
Ma > 1 and 6 — 90°, Eqgs. (A.5) and (A.7) reduce to

T, -1 vy, “\2 1

—~ =14+ AL (M- =], A.8
= (- (A8)
and

B,

==X, A9
B (A.9)

with M, = vs/va1. In this limit, the polynominal (A.6) provides
¥BH Iy + X2 -y1
[(y+1)-X(y-1]

Here, 8 denotes the ratio between the thermal and the magnetic
pressure, that is,

(My)* =X

(A.10)

8r 2¢?
B= ﬁoNkBT: 7021 . (A.11)
Al

The inspection of Eq. (A.10) shows (M3)? — oo if X —
(y + )/(y = 1) (=4 for y = 5/3). The dependence of M} on X
according to Eq. (A.10) is illustrated for § = 0.2 in Fig. A.1, that
is, for 423 kms~! and 179 kms~! as typical values of the Alfvén
and sound speed at the 25 MHz level in the corona, respectively.
For this case, M} > 1.053.

With the expression of the jump of the temperature across the
shock (see Eq. (A.8)), the cross shock potential (see Eq. (15)) is
found to be

2
y v . 1
edur = kpTy 'E'%-(MA)Z-(I—X—)- (A.12)
sl
Then, one gets for the velocity V. = 2edur/ me)'/?
Uil *\2 1
Ve = v - 7'CT'(MA) =% (A.13)
sl
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