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Abstract. Recent observations of solar flares at high-frequencies have provided evidence of a
new spectral component with fluxes increasing with frequency in the sub-T'Hz to T Hz range.
This new component occurs simultaneously but is separated from the well-known microwave
spectral component that maximizes at frequencies of a few to tens of GH z. The aim of this work
is to study in detail a mechanism recently suggested to describe the double-spectrum feature
observed in solar flares based on the physical process known as microbunching instability, which
occurs with high-energy electron beams in laboratory accelerators.
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1. Introduction

Several events observed at high-frequencies (0.2 and 0.4 THz) using the Solar Sub-
millimeter Telescope (SST) at the El Leoncito Observatory in the Argentinean Andes
have shown clear evidence of a new spectral burst component with fluxes increasing with
frequency in the sub-T'Hz range (Kaufmann et al. 2002; Kaufmann et al. 2004; Silva
et al. 2007; Fernandes et al. 2016). This new component occurs simultaneously but is
distinct from the well-known microwave spectral component that maximizes at frequen-
cies of a few to tens of GHz. More recently, impulsive bursts have been observed in the
mid-infrared at 30 T Hz using small telescopes with a relatively simple optical setup at
the El Leoncito Observatory and at Mackenzie Presbyterian University in Sdo Paulo,
exhibiting fluxes considerably larger than those measured for the concurrent microwave
and sub-THz frequencies (Kaufmann et al. 2013; Kaufmann et al. 2015; Miteva et al.
2016).

A number of interpretations based on different emission mechanisms have been sug-
gested to explain the TH2z spectral component (see Krucker et al. (2013) for a detailed
review), but none of them account for the microwave spectral component which is si-
multaneously observed. An alternative possibility which has been recently investigated
(Kaufmann & Raulin 2006; Klopf et al. 2010; Klopf et al. 2014) is that both spectral com-
ponents can be produced by a single beam of accelerated electrons undergoing the process
known as microbunching instability, which occurs in laboratory accelerators (Williams
2002). Such a process is responsible for the production of synchrotron radiation with
a double-spectrum structure similar to that observed in several solar flares, showing a
broadband coherent synchrotron radiation (CSR) component and a distinct incoherent
synchrotron radiation (ISR) component with maximum at higher frequencies.
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2. Microbunching Instability and the ISR/CSR Mechanism

Extremely bright photon beams in the form of ISR are produced in laboratory accel-
erators by highly relativistic electrons moving through a dipole magnet. Several tech-
niques have been developed to further enhance the brightness of the ISR photon beam
(Friedman & Herndon 1973), such as the use of periodic magnetic structures known as
insertion devices (wigglers or undulators).

Under certain conditions, instabilities due to inhomogeneities of the magnetic field or
wave-particle interactions, which arise from the feedback between the insertion device,
the radiation field and the accelerated electron beam, can produce modulations of the
density of electrons, generating spatial structures called microbunches (Williams 2002).
At wavelengths comparable to or longer than the size of the microbunch, the near field
of the radiation from each electron overlaps the entire microbunch structure, resulting in
a multiparticle coherent interaction which produces the emission of broadband CSR.

The spectrum of synchrotron radiation emitted by a microbunch of highly relativis-
tic electrons accelerated in a dipole magnetic field is derived by generalizing the results
obtained from the classical theory of electrodynamics for a single radiating electron to
a system with multiple electrons. For a monoenergetic electron beam with discrete mi-
crobunches, the spectral intensity (energy radiated per unit of solid angle per unit of
frequency) emitted by a microbunch containing N, electrons is given by (Williams 2002):

W
dvdS)
where I, (v) is the single-electron spectral intensity for synchrotron emission at frequency
v and f(v) is a form factor defined from the size and the shape of the microbunch struc-

ture, which is given by the square of the Fourier transform of the normalized longitudinal
spatial charge distribution S(z) within the microbunch structure,
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For a gaussian-shape microbunch structure with a characteristic length scale oy, as
it is often assumed in a laboratory accelerator scenario, the form factor is given by
f(v) = exp[—4n®7v?], where 7, = 0}, /c is a characteristic time-width scale. One should
note that in a solar flare accelerator scenario the longitudinal spatial charge distribution
S(z) may be far more complex than the gaussian function usually assumed in a laboratory
accelerator. Simulations considering different analytical solutions for S(z) were tested
(Klopf et al. 2010; Klopf et al. 2014), showing that particularly good fits can be obtained
using hyperbolic secant-shape microbunch structures, for which the form factor is given
by f(v) = sech[rmv/2].

3. Simulations of the ISR/CSR mechanism for THz burst events

In the simulations of the ISR/CSR mechanism presented here, we have considered
a beam of accelerated electrons with kinetic energies in the range from FE,,;, to Ey .z
following a power-law distribution n(E) = A E~°, where § is the spectral index and A
is a normalization constant such that [ n(e)dE = 1. We have also considered that only
electrons with kinetic energies above a certaln threshold Ey;, (set at a few MeV) can
form microbunch structures because of Coulomb repulsion (Ingelman & Siegbahn 1998).
In this way, we assume that the number of electrons participating in the CSR process is
just a fraction x of the number of high-energy electrons, i.e. Nosr = £ Npign-
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Figure 1. Fits to the spectra of the solar flares SOL2003-11-04 (N. = 1.0x 1035; Epmin =50 keV;

Enar = 100 MeV; 6 = 2.5; ¢ = 0.52"”; n, = 10° em™3; B = 1000 G; § = 60°
Nesr/Nuign = 5.2 % 107" By, = 5.0 MeV; 7, = 67 ps) and SOL2014-10-27 (N. = 1.3 x 10°%;
Epin = 100 keV; Epnae = 100 MeV; § = 2.3; ¢5 = 0.031”; n, = 10° em™; B = 1000 G;
0 =60°; Nesr/Npigh = 1.2 % 1077, By, = 5.0 MeV; 1, = 80 ps). The individual contributions
from the ISR and the CSR components are also shown.

In Figure 1 we show the fits to the spectra of the solar flares SOL2003-11-04 (19:44UT)
and SOL2014-10-27 (14:22UT), from microwave to T H z frequencies, obtained through
simulations of the ISR/CSR mechanism considering a hyperbolic secant-shape microbunch
structure. The model parameters adjusted to fit the spectra are: the number of acceler-
ated electrons N., the spectral index §, the minimum electron kinetic energy E,,;,, the
maximum electron kinetic energy E,, .., the source angular size ¢,, the viewing angle 6,
the magnetic field strength B, the plasma density n,, the fraction of high-energy elec-
trons participating in the CSR process Ncgr/Npign, the energy threshold for microbunch
formation Fy;, and the characteristic time-width scale of the microbunch structure 7.

4. Conclusion

We have shown through numerical simulations that the ISR/CSR mechanism can pro-
vide a plausible explanation to the double-spectrum observed for several solar flares.
Using typical flaring parameters and power-law energy distributions, we have obtained
remarkable good fits to the spectra of the solar flares SOL2003-11-04 and SOL2014-10-27.
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