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ABSTRACT

We explore the time evolution of microwave and hard X-ray spectral indices in two solar flares observed by
the Nobeyama Radio Polarimeters (NoRP) Radven Ramaty High-Ener gy Solar Spectroscopic Imager (RHESS)
on 2004 May 21 and November 3. The microwave spectral inglgy, , is derived from the emission at two
frequency channels of 17 and 35 GHz, and the hard X-ray spectral inggx, , is deriveRH{E8H spectra.
These two events follow a soft-hard-harder spectral behavior in the rise-peak-decay phases. Although the mi-
crowave and hard X-ray emission are produced by electrons at very different energies, a correlation between
their spectral indices is found, indicating a common acceleration mechanism.

Subject headings: Sun: flares — Sun: radio radiation — Sun: X-rays, gamma rays

1. INTRODUCTION studied 23 microwave flares and found that all of them display
a SHH pattern. Working from Nobeyama Radio Polarimeters

. . . NoRP; Nakajima et al.1985) observations, Ning & Din
ating nonthermal electrons to high energies. When the accel-( J ) g 9

; L (2007) statistically studied the time evolution of microwave
erated electrons propagate along lines of magnetic field towardspectral hardness, and also found the SHS and SHH patterns.

the pho'gosphere, they interact with the surrounding atmosphe_re Microwave and hard X-ray emissions are produced by elec-
and emit hard X-ray bremsstrahlung and gyrosynchrotron mi- o0 at very different energies, i.e., from hundreds of keV to
crowave radiation as they lose energy via Coulomb collisions ¢ayeral MeV for microwave emission. and from tens to hun-
in the lower atmosphere (e.g., Dennis & Schwartz 1989). Ob- qreqs of keV for hard X-ray emission. Studying the time evo-
servational evidence has been found to support the idea thajion of the microwave and hard X-ray indices after onset of

microwave and hard X-ray emission are produced by non- g, fare is one way to derive information about nonthermal elec-

thermal electrons in the lower solar atmosphere layer during {ons with various enerai
. . vl i gies. Up to now, however, a good com-
flare eruption (e.g., Takakara & Kai 1966; Kiplinger etal. 1983; 5 ison of their spectral indices has been lacking. In this Letter,

Nakajima et al. 1983; Gary 1985; Schmabhl et al. 1985; Asch- tudv the mi d hard X- tral luti f
wanden et al. 1990; Aschwanden 1998; Bastian et al. 1998;¥:,Iveosﬂgrgs aidmé%rgx\gcfl;l/etha‘\andepaerndenrgé/ t?gt?/\(/:ergn ?ﬁg;llon °

Asai et al. 2001). One way to derive physical information about
these nonthermal electrons is to study the spectral behavior of
microwave and hard X-ray emission, since the spectral index
can provide the most direct avenue for determining the distri- The microwave data that we use here is from the NoRP,

bution of nonthermal electrons and their energies. which can observe at seven discrete frequency channels (1, 2,

Considerably more progress has been made in the study of3.75, 9.4, 17, 35, and 80 GHz), with a time resolution of
hard X-ray than for microwave spectra. It was recognized early 0.1 s. The microwave spectral index of nonthermal electrons,
that the hardness of the hard X-ray spectrum changes with timey(t), is derived from the flux spectral indeXt) , by the relation
and that there is a direct correlation between the hard X-rayy(t) = —1.1[6(t) — 1.2]. Theds(t) index can be computed if we
flux and spectral indices, with a negative power-law depen- assume a flux frequency dependence of the f&mt) =
dence between them (e.g., Grigis & Benz 2004). This implies F,»*® [where S», t) is the microwave radio flux (sfu), and
that flares should follow a soft-hard-soft (SHS) spectral be- is the frequency] in the optically thin part, i.e., above the turn-
havior in the rise-peak-decay phases (Parks & Winckler 1969; over frequency,., (e.g., Castelli & Guidice 1976; Melnikov
Kane & Anderson 1970; Benz 1977; Dennis et al. 1981; Brown & Magun 1998). The detectef)., is 9.4 GHz for these two
& Loran 1985; Dennis 1985; Fletcher & Hudson 2002; Grigis events. Because we have a small number of discrete frequencies
& Benz 2004). That can be clearly seen in impulsive flares. for analyzing microwave indices, it is possible that the detected
Using theRHESS data, Grigis & Benz (2004) found that the f,,, is not the real turnover frequency of the microwave spec-
spectral SHS behavior is observable not only in the generaltrum, which in turn may strongly affect the spectral index fitting
evolution of an impulsive flare, but also in its subpeaks. How- result (e.g., Melnikov & Magun 1998). In this Letter, we derive
ever, some flares were also observed to monotonically decreaséhe microwave index using only two channels, 17 and 35 GHz.
their hardness with time, in a soft-hard-harder (SHH) pattern The 80 GHz channel is not used for spectral fitting due to
(Frost & Dennis 1971; Cliver et al. 1986; Kiplinger 1995). noise. Figure 1 shows the microwave spectra at four discrete
These are the so-called gradual-hard flares. Previous obsertimes for the 2004 May 21 flare. In order to increase the signal-
vations have shown that the impulsive flares are dominant, orto-noise ratio (S/N), it is better to integrate the flux with respect
at least more frequent than gradual-hard events (e.g., Kosugto time (10 s in this Letter) before doing microwave spectral
et al. 1988). fitting.

Microwave emission from solar flares generally displays the = The X-ray spectral hardness is derived from data observed
same spectral behavior patterns as hard X-rays. Benz (1984)y the Reuven Ramaty High-Energy Solar Spectroscopic Im+
reported that the microwave spectrum of an individual flare ager (RHESS) spacecraft (Lin et al. 2002), which observes in
follows a soft-hard-soft behavior. Melnikov & Magun (1998) a broad range from hard X-ray tpray. Its high spectral res-
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Solar flares are thought to be effective engines for acceler-

2. OBSERVATIONS AND MEASUREMENTS
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Fic. 1.—Microwave spectral plots at four discrete time intervals for the 10 100 10 100
2004 May 21 flare. The frequencies of 17 and 35 Ghitid lines) are used Photon energy (keV) Photon energy (keV)

to do spectral fitting (see text for details). . o
Fic. 3.—RHESS spectra at four discrete time intervals for the 2004 May

olution (1 keV in the X-ray range) and coverage of the low- 21 flare. The points with error bars represent the observational spectral data.
energy range (down to 3 keV) allow us to separate the thermalDifferent lines show model spectral fits for thermal bremsstrahldagdashed
continuum from the nonthermal component of the spectrum, g??é?\f\’,gtzﬁi?(ag?écmgfet bremsstrahlungshed lines), and a summation
and to study power-law spectral evolution from the onset of

the flare. We use a forward-fitting method implemented with ticles counts during the 2004 May 21 flare; however, the
the OSPEX code to derive the index of the hard X-ray spectrum. RHESS nonsolar background component changes over the du-
The procedure requires us to use a photon spectra model fearation of this flare, making the fitting difficult. To properly
turing a power law with a low-energy turnover in addition to substract this background is difficult and cannot be done per-
thermal emission. However, we first have to geneRHESS fectly. Therefore, we restrict the time and energy range for
count spectrograms for each flare in an uninterrupted sunlightwhich the fitting is done to times when solar counts dominate.
time interval with a time binning of 20 s, and an energy binning We limit the energy range to between 3 and 40 keV for spectral
of 2 keV from 3 to 300 keV. We only use the front segments fitting, and fits after 23:53 UT are problematic. Figure 3 shows
of the detectors, and excluded detectors 2 and 7. the RHESS spectral fitting results at four times.

Figure 2 gives the time evolution of microwave and hard  Using the same method, we do microwave and hard X-ray
X-ray emissions and their spectral indices for the 2004 May spectral fitting for the 2004 November 3 flare, which is a M1.6
21 flare. TheGOES soft X-ray observation shows that this is flare in GOES soft X-ray observations. Figure 4 gives the time
an M2.7 flareRHESS observations show magnetospheric par- evolution of the microwave and hard X-ray spectral indices.

Figure 5 shows the microwave spectral fitting at four times.

z —T T For this flare, the hard X-ray spectra are not well represented
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ray emission (time resolution 20 s) and their detected spectral indices for the

2004 May 21 flare. Error bars for the hard X-ray spectral index are also shown. Fic. 4.—As in Fig. 2, but for the 2004 November 3 flare. The solid and
Microwave spectra at the four time intervals shown with dashed lines are given dotted lines in bottom panel represent the time evolution of hard X-ray spectral
in Fig. 1. indices at lower and higher energy bands, respectively.
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FiG. 5—As in Fig. 1, but for the 2004 November 3 flare. FiG. 7.—Microwave flux at 35 GHz vs. hard X-ray flux at 25-50 keV for

by a single power law, but rather show a broken power-law the 2004 May 21 flares{ars) and 2004 November 3r{angles).
shape. This can be seen in Figure 6 (best seen in the top righ}

and bottom left panels). Thus, we obtain two indices of hard Yo @Nd7,m » 19 and 25 pairs of points are selected from the

X-ray spectra, shown in Figure 4. In order to rule out the ‘MW~ ey Eoy.
nonsolar background, we restrict the energy range here to pelime intervals between 23.46.0.0 a.nd 23.53.09 UT for the 2004
' : i - “May 21 flare, and between 03:28:40 and 03:34:00 UT for the
tween 3 and 100 keV; and fits after 03:34 UT are problematic. 2004 N ber 3 fl ked b d trianal
Although each subpeak of the hard X-ray spectrum seems November 3 flare, marked by stars and triangles, re-
: . spectively. Two proportional linear dependences are evident for
to show a soft-hard-soft behavior, the 2004 May 21 flare dis- these pointsy,y, = 1.126-0.12)+ 0.37(-0.05) x v and
Lo ; _ Yuw = 1.12(0. 37(0. HXR
plays a spectral hardening in both microwave and hard X-ray Y = 0.54(-0.2) + 0.74(-0.08) X 7,5, With 95% confi-

emissions from start to end. For the 2004 November 3 flare, yo .o o). Although the hard X-ray and microwave emission

ﬁgw?\;grromivi a?g e)c(:f:g fﬁg?;’v sﬁoiv%ftéhzgt-r;}aarrcjﬁg o?tEhZ':;lfr; are produced by electrons at very different energies, a positive
! y P correlation between their indices can been seen, indicating a

below the energy break, and a spectral hardening above it. common mechanism for the nonthermal electrons.

Observations of these two events are consistent with the
3. CONCLUSIONS AND DISCUSSIONS general flare picture of nonthermal electrons at energies of

The present observations show that the time series in mi-many hundreds of keV radiating at microwave and at many

crowave and hard X-ray flux are correlated. Figure 7 plots the {€ns of keV produ_cing hard X-ray emission (e.g., Melnikov &
microwave flux at 35 GHz versus the hard X-ray emission at Magun 1998; White et al. 2003). Although both flares show a
25-50 keV for two flares. A positive dependence is found in spectral hardening with time, the microwave spectra are harder
the rise and decay phases, which is consistent with previougth@n hard X-rays, i.exx > yuw - This implies a broken dis-
results (e.g., White et al. 2003). This fact suggests a commontribution of nonthermal electrons from tens of keV to several
mechanism for the nonthermal electrons. Figure 8 plots this MeV.
dependence between the microwave and hard X-ray spectral

ndices. Considering the different time resolution between
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