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Abstract

We propose a small team (14 persons) to systematize our knowledge of the emission of so-
lar flares in the THz range (submillimeter wavelengths). This is essentially a new field of solar
flare research, with substantial ambiguities of interpretation but potentially great significance
because of the implications for high-energy particle acceleration. It is also a timely topic due
to the potential for future observations in the THz domain with the new instrumentation at SST
(the Solar Submillimer-wave Telescope, Kaufmann et al., 2008b) and ALMA (the Atacama
Large Millimeter Array, Hills and Beasley, 2008) and proposed space instrumentation such as
DESIR (Trottet, 2008) on SMESE (the SMall Explorer for Solar Eruptions, Vial et al., 2008).
We therefore anticipate good discussions of current observations, vigorous debate of the the-
ories in the context of the broad coverage of solar flares now available at other wavelengths,
and the potential of the new instruments to address the questions arising. The output of the
team will be an overview paper setting out the properties of the existing observations and their
interpretations, and goals for new observations. We ask for two meetings in late 2009 and mid
2010, with the overview paper to be submitted by Fall 2010.

1 Scientific Rationale

THz frequencies are a neglected wavelength domain for solar research due to the difficulty
of observations from the ground. The dominant emission mechanism at submillimeter wave-
lengths in the quiet Sun is free-free (bremsstrahlung) absorption due to free electrons interacting
with neutral hydrogen (“H opacity”), which makes the solar atmosphere opaqgue in the low
chromosphere. However, during solar flares relativistic electrons can produce high-frequency
emission extending into the mm-wave range via incoherent synchrotron radiation. For longer
wavelengths (the cm range) the synchrotron emission spectrum provides a powerful (Bastian
et al., 1998) and complementary tool to the hard X-ray spectrum (hard X-ray emission from
bremsstrahlung of non-thermal electrons with energies above about 10 keV).

At mm or submm (THz) wavelengths, the situation had long been thought to be simple:
relativistic electrons in the tail of the accelerated power—law distribution common in flares can
radiate at high harmonics of the Larmor frequency wy (emission frequency f O y2wy, where
y is the Lorentz factor). wy is typically 1-3 GHz in flares (magnetic fields up to 1000 G), so
emission above 200 GHz requires y ~ 10 (Trottet et al., 2002), and the spectrum should just be
an extension of the optically—thin microwave spectrum falling with increasing frequency as a
power law.

This simple picture has been overturned by recent data. Kaufmann et al. (2004) have made
the exciting discovery of a new THz emission component, as illustrated in Figure 1 (left panel).
The spectrum unexpectedly turns up into the THz range. This pioneering observation was
made at the El Leoncito observatory in Argentina with the Solar Submillimer-wave Telescope
(SST, Kaufmann et al., 2008b), and it was confirmed by a totally independent observation by
KOSMA (the Koln Observatory for Submillimeter and Millimeter Astronomy) at Gornergrat



(LGthi et al., 2004b). The right panel of Figure 1 shows this observation. Subsequent to these
observations several other flares have shown similar behavior (Luthi et al., 2004a; Silva et al.,
2007; Trottet et al., 2008; Cristiani et al., 2008; Kaufmann et al., 2009).

There is as yet no consensus on the explanation for this unexpected behaviour, but at least
six possibilities exist:

e The Rayleigh-Jeans tail of the white-light flare emission extending to long wavelengths
(e.g., Hudson, 1975; KaSparova et al., 2009)

e Ordinary incoherent gyrosynchrotron emission (Silva et al., 2007)

e A combination of incoherent and coherent synchrotron emission (e.g., Kaufmann and
Raulin, 2006)

e Synchrotron emission of high—energy positrons produced in pion decay (e.g., Trottet
et al., 2008) or in proton-proton interactions by the Drell-Yan process (Szpigel et al.,
2007)

e Coherent emission of particle beams (e.g., Sakai et al., 2006)

e Inverse Compton upscattering of microwave photons by relativistic electrons

Several of these emission mechanisms could be excluded for some events, but no com-
prehensive comparison of all flares and all possible mechanisms exists so far. Our group will
systematically study these possibilities. The last item in particular is too new to have been
described yet in the literature, and should be examined quantitatively. The “impulse response”
flares (White et al., 1992) and another category of thermal-spectrum mm-wave events (Cher-
tok et al., 1995) add to the general interest in this wavelength range, which is now becoming
open for detailed observational work. Of further interest are observations that show that the
THz emission consists of subsecond pulses (typically 0.2 seconds) speculated to be related to
individual bursts of particle acceleration (Kaufmann et al., 2008a).

The newly available submillimeter observations also provide information on location and
size of the emission source (Giménez de Castro et al., 1999; Liithi et al., 2004a), and ALMA
has the potential to revolutionize such observations. This will allow us to compare the sub-
millimeter emission location with the flare ribbons and other diagnostics such as y-ray sources
(Figure 2). These context observations will provide crucial tests for the possible emission
mechanisms listed above.

2 Expected output

The impending development of new instrumentation capable of observing at THz frequencies
makes a review of this subject both timely and crucial. The THz (submillimeter) component
in the spectra of solar flares potentially provides a new diagnostic tool to study electron accel-
eration to high energies and may reveal entirely new phenomena. We propose to summarize
our current knowledge and contrast the observations with theories in a concise overview paper.
This will make this exciting topic available to a wider audience and will be a crucial tool for
planning future observations, in particular with ALMA (e.g., Bastian, 2002), and with SST at
the newly available frequency bands (670 GHz and 850 GHz), and in the far IR at 30 THz (the
10-micron band, Kaufmann et al., 2008b). In addition to this short “research review” paper
(4-6 pages) that is readable for a wider audience, we will also encourage the publication of
additional papers on specific topics.
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Figure 1: The first two flare observations with increasing spectra in the THz range. Top: GOES
X28 flare on November 4, 2003 from Kaufmann et al. (2004): The spectrum on top labeled P1
corresponds to the main flare peak, while P4 is an interval about 3 minutes later, but still during the
impulsive phase of the flare. Bottom: GOES X2.0 flare on April 12, 2001 observed by Lthi et al.
(2004b). The two spectra shown were taken after the impulsive phase (top: Soft X-ray peak time
at 10:33 UT; bottom: decay phase at 11:00 UT). While the spectrum at the soft X-ray peak could
be flat (i.e. of thermal origin), the spectrum during the decay phase clearly shows an increasing

spectrum with frequency.
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Figure 2: Imaging in sub-millimeter, UV, HXR, and y-rays for two intervals during the impulsive
phase of the October 28, 2003 flare from Trottet et al. (2008). A TRACE UV image is shown with
210 GHz centroid positions overplotted as red crosses (cadence is 10 seconds, increasing symbol
size represents time). The average position and apparent source size of the radio emission during
each time interval is represented by a thick red cross. The dashed circle gives a rough size of
the field-of-view of the radio imaging; radio sources outside this circle still influence the derived
source position and size, but have less weighting than sources within. The thick magenta circles
give the flare-averaged 2.2 MeV footpoint point location (Hurford et al., 2006). The bottom image
additionally shows RHESSI 250-450 keV imaging with 23 arcsec FWHM resolution integrated
over the decay phase (Krucker et al., 2008). The submillimeter emission comes initially from one
of the y-ray footpoints (compact source). The spatial correlation with penetrating proton beams
suggests that the submillimeter emission could be produced by synchroton emission of positrons
produce by pion decay. Later, the submillimeter source is extended and originates from in-between
the flare ribbons suggesting that a different emission mechanism is operating at the later times.



3 ISSI Implementation

The ISSI facility is ideal for this kind of workshop. The team leaders are familiar with the
arrangements, and the team proposed below rather naturally worked out to contain good rep-
resentation from the different regions. We expect to proceed with minimal overhead on a
clearly-defined program of substantial scientific importance.

4 List of Participants

The following participants have confirmed their willingness to participate in the proposed
projects (see the attached CV'’s for details):

e T.S. Bastian (NRAO, USA): radio observations and instrumentation

e C.G. Giménez de Castro (CRAAE, Brazil): SST observations and instrumentation
G.D. Cristiani (IAFE, Argentina): SST observations

A.S. Hales (NRAO, USA): ALMA

H.S. Hudson (U. California, USA): observations; history

J. KaSparova (Ondrejov, Czech Republic): theory, X-ray observations

K.-L. Klein (Obs. de Paris, France): radio observations, instrumentation (DESIR)

M. Kretzschmar (LPCEE Orleans, France): total solar irradiance observations
S. Krucker (U. California, USA): RHESSI X-ray and multi-wavelength imaging

T. Lithi (Leica, Switzerland): KOSMA instrumentation and observations
A.L. McKinnon (Glasgow, UK): theory

S. Pohjolainen (University of Turku, Finland): Tuorla observations/instrumentation

G. Trottet (Obs. de Paris, France): instrumentation (DESIR), y-ray observations
S.M. White (U. Maryland, USA): radio observations and theory

This team has extensive experience covering essentially all aspects of the proposal.

5 Timeliness

The two sessions of the workshop will take place just at the beginning of the new solar cycle,
and coincidentally we expect that ALMA will be operational for the next solar maximum. We
therefore feel that the timing of this particular topic will be optimally effective in helping to
understand the new data from the next maximum — solar cycle 24.

6 Facilities required

No special facilities are required besides the usual ISSI workshop facilities: one meeting room
with projector and internet access.



7 Financial Requirements

No special financial requirements besides the usual ISSI financial support is required. 1SSl is
asked to provide the living expenses of team members while they reside in Bern. For the two
4-day-long meetings (5 days maximal stay per meeting per person), at most 140 person days
is required for the 14 team members. Funding to cover travel costs is the responsibility of the
team members.
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