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Abstract This paper explores the time evolution of microwave and hard X-ray spectral in-
dexes in the solar flare observed by Nobeyama Radio Polarimeters (NoRP) and the Ramaty
High Energy Solar Spectroscopy Imager (RHESSI) on 13 December 2006. The microwave
spectral index, γMW, is derived from the emissions at two frequencies, 17 and 35 GHz, and
hard X-ray spectral index, γHXR, is derived from RHESSI spectra. Fifteen subpeaks are de-
tected at the microwave and hard X-ray emissions. The microwave spectral indexes tend to
be harder than hard X-ray spectral indexes during the flare, which is consistent with previ-
ous findings. All detected subpeaks follow the soft-hard-soft spectral behaviours in the hard
X-ray rise-peak-decay phases. However, the corresponding microwave subpeaks display dif-
ferent spectral behaviour, such as soft-hard-soft, soft-hard-harder, soft-hard-soft + hard or
irregular patterns. These contradictions reveal the complicated acceleration mechanism for
low- and high-energy electrons during this event. It is also interesting that the microwave
interpeak spectral indexes are much more consistent with one another.
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1. Introduction

The fact that microwave and hard X-ray emissions show similar profiles during a so-
lar flare suggests that both are generated by a common population of energetic elec-
trons. According to the standard model, when these electrons propagate along the lines
of magnetic field toward the photosphere, they interact with the surrounding atmosphere
and emit hard X-ray bremsstrahlung and gyrosynchrotron microwave radiation as they
lose energy via Coulomb collisions in the lower atmosphere (e.g. Dennis and Schwartz,
1989). Observational evidence supports the idea that microwave and hard X-ray emis-
sions are produced by nonthermal electrons in the lower solar atmospheric layer during
flare eruption (e.g. Takakura and Kai, 1966; Kiplinger et al., 1983; Nakajima et al., 1983;
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Gary, 1985; Schmahl, Kundu, and Dennis, 1985; Aschwanden, Benz, and Kane, 1990;
Aschwanden, 1998; Bastian, Benz, and Gary, 1998; Asai et al., 2001). A possible way to
derive physical information from these nonthermal electrons is to study the spectral behav-
iours of microwave or hard X-ray emission. The spectral index can provide the most direct
avenue for determining the distribution of nonthermal electrons and the energy they contain.

It was recognized early on that the hardness of the hard X-ray spectrum changes with
time. There are three types of solar flares, characterized by their hard X-ray spectral be-
haviours as type A (thermal flares with a steep power law index greater than 7) (e.g.
Tanaka, 1983; Ohki et al., 1983; Tsuneta, 1985); type B (impulsive flares with a soft-
hard-soft (SHS) spectral behaviour in the rise-peak-decay phases); and type C (gradual-
hard flares following a soft-hard-harder (SHH) spectral pattern) (Parks and Winckler, 1969;
Kane and Anderson, 1970; Frost and Dennis, 1971; Benz, 1977; Dennis, Frost, and Or-
wig, 1981; Brown and Loran, 1985; Dennis, 1985; Cliver et al., 1986; Kiplinger, 1995;
Fletcher and Hudson, 2002; Grigis and Benz, 2004). Previous observations show that the
impulsive flares dominate or, at least, they are more frequent than gradual-hard events
(e.g. Kosugi, Dennis, and Kai, 1988). Based on Nobeyama Radio Polarimeters (NoRP;
Nakajima et al., 1985) observations during cycle 23, Ning and Ding (2007) statistically
studied the microwave spectral evolution in 103 solar flares, and found that the gradual-
hard events (91 out of their samples) dominate in the microwave emission. This is con-
sistent with previous results from data obtained by the Burst and Transient Source Exper-
iment (BATSE) and the Owens Valley Radio Observatory (OVRO) (Marsh et al., 1981;
Alissandrakis, 1986; Nitta et al., 1991; White and Kundu, 1992; Kundu et al., 1994;
Silva et al., 1997; Silva, Wang, and Gary, 1999; Raulin et al., 1999; Melnikov and Silva,
1999, 2000). Melnikov and Silva (1999, 2000) found that some solar flares decrease the
microwave spectral index but simultaneously increase the hard X-ray spectral index during
the decay phase. Of course, there are some examples of the gradual-hard events displaying
their spectral evolution with a similar pattern on both microwave and hard X-ray emissions
(e.g. Ning, 2007).

In this paper, we study the microwave and hard X-ray spectral behaviours for the 13
December 2006 flare, which shows multipeaks on both wavelengths. It is interesting that
this event displays different spectral behaviours for the various subpeaks in microwave and
hard X-ray emissions.

2. Observations

On 13 December 2006, a Geostationary Operational Environmental Satellite (GOES) satel-
lite observed a soft X-ray event which started at 02:14 UT, with the maximum at 02:40 UT;
the event ended at 02:57 UT. This event is classified as X3.4 and was located in the ac-
tive region NOAA AR 0930 with a position S06W21. A high-speed Coronal Mass Ejection
(CME) associated with this flare was observed by the Large Angle and Spectrometric Coro-
nagraph (LASCO) instrument aboard the Solar and Heliospheric Observatory (SOHO). This
flare was well observed by NoRP, RHESSI (Lin et al., 2002), Hinode (Kosugi et al., 2007)
and other ground- or space-based instruments. The Hinode chromospheric (Ca II filter) ob-
servations show a well-known double-ribbon flare. This flare occurred just at the center of
RHESSI’s rotation. For technical reasons this means that hard X-ray imaging is very diffi-
cult. So we have lost a chance to make a detailed comparison of high-resolution flare images.
However, the time profiles can be well studied from RHESSI data.

The microwave data that we use here was observed by NoRP, which works at seven dis-
crete frequency channels at 1, 2, 3.75, 9.4, 17, 35 and 80 GHz with a time resolution of 0.1 s.
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Figure 1 Microwave spectral
plots at four discrete time
intervals observed by NoRP on
13 December 2006. The
frequencies of 17 and 35 GHz
(dotted) are used to do spectral
fitting (see text for details).

The microwave spectral index of nonthermal electrons, γ (t), is derived from the flux spec-
tral index, δ(t), as γ (t) = −1.1[δ(t) − 1.2] (e.g. Yokoyama et al., 2002). The index of δ(t)

can be computed when we assume a flux frequency dependence of the form S(ν, t) = F0ν
δ(t)

(where S(ν, t) is the microwave radio flux (sfu) and ν is the frequency) in the optically thin
part (e.g. Castelli and Guidice, 1976; Melnikov and Magun, 1998). We derive the microwave
spectral index using only two channels, 17 and 35 GHz. The last channel of 80 GHz is ex-
cluded from spectral fitting due to the noise. Figure 1 shows the microwave spectra at four
discrete times for this flare. In order to increase the signal-to-noise ratio, it is better to in-
tegrate the flux with respect to time (20 s in this paper) before doing microwave spectral
fitting. The same method was used to statistically study the microwave spectral evolution
from solar flares in the recent paper by Ning and Ding (2007).

The hard X-ray spectral index is derived from data observed by the RHESSI spacecraft,
which observes over a broad wavelength range from hard X-rays to γ -rays. Its key features
of high spectral resolution (1 keV in the X-ray range) and coverage of the low-energy range
(down to 3 keV) allow us to separate the spectrum’s thermal continuum from its nonthermal
component, to study power law spectral evolution from the onset of the flare. We use the
forward fitting method implemented by the Object Spectral Executive (OSPEX) code to
derive the index of hard X-ray spectrum. The procedure requires us to use a photon spectra
model featuring a power law with a low energy turnover in addition to a thermal emission.
However, we have to first generate RHESSI count spectra in the uninterrupted sunlight time
interval with a time binning equal to 20 s, and an energy binning of 2 keV from 3 to 300 keV.
We use only the front segments of the detectors, and exclude the detectors 2 and 7. The same
method to derive the hard X-ray spectral indexes was used by Ning (2007). We do spectral
fitting above 10 keV to rule out the attenuator effects (e.g. Holman, 2005). Figure 2 shows
the RHESSI spectral fitting results at four time intervals for the 13 December 2006, flare.
The background emission has to be subtracted from an average before the start of the flare.
The spectral shape is well represented by a broken power law plus a thermal component;
see Figure 2(c). We limit the energy range to between 10 and 200 keV to do spectral fitting.
There is no nonsolar particle background detected between 02:30 – 03:25 UT, while low
levels are detected between 03:25 – 03:30 UT. The spectra are corrected for albedo from
isotropically emitted hard X-ray photons. The pileup is weak after subpeak 4.
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Figure 2 RHESSI spectra at four discrete time intervals for the 13 December 2006 flare. Dots with error
bars represent the observational spectral data. Different lines show model spectral fits for thermal com-
ponent (dot-dashed lines), nonthermal power law component (dashed-lines), and a summation of the two
(thick-solid-lines).

3. Results

Figure 3 gives the time evolution of soft X-ray, hard X-ray and microwave emissions, and
their spectral indexes for the 13 December 2006 flare observed by RHESSI between 02:30
UT and 03:30 UT. Fifteen subpeaks were observed by NoRP during this event, and 12 of
them were also observed by RHESSI. Figure 3 shows that these 12 subpeaks display a
soft-hard-soft spectral behaviour in the hard X-ray rise-peak-decay phases, which is con-
sistent with the previous study from RHESSI data (Grigis and Benz, 2004). However, the
microwave spectra show complicated behaviour.

3.1. Soft-Hard-Soft Pattern

The microwave subpeaks 1, 2 and 3 are missing from RHESSI observations. They follow
soft-hard-soft (SHS) spectral behaviours in the microwave rise-peak-decay phases at 35
GHz. Anticorrelation between γMW and F35 GHz can be clearly seen. Figure 4 presents a
logarithmic plot of γMW versus F35 GHz for subpeak 3 at the time interval between 02:27:20
UT and 02:31:20 UT. The plot with arrows clearly shows the overall SHS trend. Here ar-
rows represent an average of three points. The cross-correlation coefficient of lnγMW and
lnF35 GHz is −0.96, which indicates an anticorrelation behaviour between the spectral in-
dex and microwave flux. Although the spectral index does not vary clearly with the time,
subpeak 5 tends to follow the SHS pattern.
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Figure 3 Time evolution of GOES soft X-ray, RHESSI hard X-ray, microwave emissions and their detected
spectral indexes for the 13 December 2006 flare. Error bars for the hard X-ray spectral index are shown. The
15 subpeaks are marked with dotted lines and numbers.

3.2. SHH Pattern

The microwave subpeaks 6, 7, 8, 9 and 12 display the soft-hard-harder behaviours in their
rise-peak-decay phases at 35 GHz. The microwave indexes rapidly soften in the rise phase,
and reach the softest point before the maximum, then gradually harden with time from the
peak to decay phases. In order to see clearly the microwave spectral behaviour, Figure 5 plots
the time evolution of microwave and hard X-ray flux and spectral indexes for subpeak 9 in
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Figure 4 Plots of γMW versus
the microwave flux at 35 GHz
(F35 GHz) for subpeak 3. The
arrows indicate the temporal
evolution from the start to the
end of this subpeak.

Figure 5 Microwave and hard
X-ray emissions (solid) and their
spectral index evolution (dashed)
for subpeak 9.

detail. This subpeak is well observed at the microwave and hard X-ray emission. The hard
X-ray presents a SHS pattern, while the microwave should show a SHH pattern. This result is
consistent with previous findings for some individual flares (e.g., White and Kundu, 1992;
Kundu et al., 1994; Silva et al., 1997; Silva, Wang, and Gary, 2000; Raulin et al., 1999;
Melnikov and Silva, 1999, 2000). However, it seems that the microwave emission shows
a hard-soft-hard pattern over the timescale of soft-hard-soft hard X-rays. The microwave
subpeak 9 is observed tens of seconds later than that in hard X-rays. The harder spectral
index before this microwave subpeak 9 should be due to the contribution from the decay
phase of subpeak 8.

3.3. SHS + H Pattern

In these 15 microwave subpeaks, we find that some peaks have a complicated spectral
evolution pattern, which shows a SHS pattern in the rise-peak-(preceding) decay phases,
then continuously hardening on the following part of decay phase. That follows a soft-hard-
soft + hard spectral pattern in the microwave rise-peak-decay phases. Thus, the microwave
spectral index does not display similar behaviour during the decay phase. Subpeaks 10 and
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Figure 6 Microwave and hard
X-ray emissions for subpeak 10.
The rise-peak-decay phases are
approximated by the dotted lines.

Table 1 Microwave and hard X-ray spectral patterns of 15 subpeaks for the 13 December 2006 flare.

Subpeak 1, 2, 3 4, 11 5, 13, 14 6, 7, 8, 9, 12 10, 15

γMW SHS Spe. SHS SHH SHS+H

γHXR – SHS SHS SHS SHS

15 belong to this type. It is the first time that such spectral behaviour has been detected
in a solar flare. Similar to Figure 5, Figure 6 shows the time behaviours of subpeak 10 in
detail. The rise-peak-decay phases are approximated and outlined for the microwave flux at
35 GHz. The spectral index of γMW is rapidly softening in the rise phase, hardens around
the peak, and softens at the beginning of the decay phase; it then hardens again on the end
of the decay phase. Figure 5 shows that the microwave index of about 0.2 from hard to soft
around the maximum of the subpeak is reasonable. The error on the spectral index, which is
detected using only two points each time, is zero.

3.4. Special Pattern

Subpeaks 4 and 11 show a special spectral pattern in the microwave emission. They do not
belong to one of the preceding three types. The microwave spectral indexes of both subpeaks
display an irregular pattern in the rise-peak-decay phases at 35 GHz.

Table 1 gives the microwave and hard X-ray spectral behaviours of 15 subpeaks for the
13 December 2006 flare.

4. Discussion and Conclusions

It is generally thought that nonthermal electrons at energies of many hundreds of keV ra-
diate at microwave and at many tens of keV produce hard X-ray emissions in solar flares
(e.g., Melnikov and Magun, 1998; White et al. 2003). Information about these nonthermal
electrons accelerated in solar flares can be deduced from the spectral features using the
microwave and hard X-ray emissions. In this paper, we study the spectral evolution of the
microwave and hard X-ray emissions for the 13 December 2006 solar flare observed by
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NoRP and RHESSI. The event shows multiple peaks at both wavelengths. The microwave
spectral index is harder than the hard X-ray index during this event, which is consistent
with previous findings (e.g. White and Kundu, 1992; Kundu et al., 1994; Silva et al., 1997;
Raulin et al., 1999; Melnikov and Silva, 1999, 2000). All the subpeaks follow the soft-hard-
soft spectral behaviour in the hard X-ray rise-peak-decay phases. However, the microwave
subpeaks display four types of spectral patterns, such as SHS, SHH, SHS + H or irregu-
lar patterns. These contradictions indicate the different distribution of low- and high-energy
electrons during this flare evolution.

4.1. Fitting Method Effects on Microwave Spectral Index

As noted earlier, the microwave spectral index is detected using only two channels, 17 and
35 GHz. It is not possible to use the 80 GHz channel to do spectral fitting. Although we in-
crease the signal-to-noise at this channel by integrating a longer time interval, the high level
of noise makes the flux at 80 GHz greater than that at 35 GHz (except for several subpeaks
during 13 December 2006 flare). On the other hand, it is not certain that the emission at
17 GHz is purely optically thin during this event, especially at the time of subpeak 3 and
the decay phase of subpeak 10 (see Figure 3). In other words, it is possible that there is
an optically thick component, which heavily affects the spectral fitting. Such effects on the
microwave spectral index cannot to be ruled out from the NoRP observations.

4.2. Acceleration or Emission Effects on Microwave Spectral Index

Subpeaks 6, 7, 8, 9 and 12 display that the microwave spectral flattening on the decay
phase is accompanied by simultaneous spectral softening of the corresponding hard X-ray
emission. These properties were interpreted as natural consequences of the nonstationary
“trap + precipitation” model, which takes into account the energy spectrum hardening of
trapped electrons due to Coulomb collisions as well as the difference between the spectral
evolutions of injected and trapped electrons. The Coulomb collisions cause a shorter life-
time for lower energy electrons trapped in a magnetic loop. On the other hand, Lee and Gary
(2000) showed that the evolution of nonthermal electrons’ pitch-angle in a flaring loop can
play an important role in the interpretation of the microwave spectral flattening. Another
possibility is that the thermal emission contributes to the microwave emission at higher fre-
quencies on the decay phase (e.g., Ning and Ding, 2007), which is more reasonable for
the subpeaks with complicated spectral patterns. If there is no thermal emission in the de-
cay phase, these subpeaks could follow the soft-hard-soft spectral pattern at microwave as
well as at hard X-ray. The thermal emission usually increases at the later phase, when the
gyrosynchrotron emission is decreasing, especially at higher frequencies.

In this flare, the microwave subpeaks 4 and 11 show irregular spectral patterns, which
could be because of overlap between subpeaks 3 and 4, or between subpeaks 10 and 11 at
the microwave emission. This overlap could occur at one or both frequencies of 17 and 35
GHz. It is possible that the nonthermal electrons would be mixed in the flaring loops with
the remaining electrons which were accelerated earlier.

It is an interesting fact that the interpeak spectral indexes are much more consistent with
one another – e.g., between peak 5 and peak 6, the microwave spectral index is around 2,
similarly between peaks 7 and 8 and from before peak 11 to after peak 12. These kinds
of differences are worth considering as well as their implications for the acceleration and
microwave emission mechanisms.
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