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ABSTRACT

We present the first interferometric observation of a zebra-pattern radio burst

with simultaneous high spectral (≈ 1 MHz) and high time (20 ms) resolution.

The Frequency-Agile Solar Radiotelescope (FASR) Subsystem Testbed (FST)

and the Owens Valley Solar Array (OVSA) were used in parallel to observe the

X1.5 flare on 14 December 2006. By using OVSA to calibrate the FST the

source position of the zebra pattern can be located on the solar disk. With the

help of multi-wavelength observations and a nonlinear force-free field (NLFFF)

extrapolation, the zebra source is explored in relation to the magnetic field config-

uration. New constraints are placed on the source size and position as a function

of frequency and time. We conclude that the zebra burst is consistent with a

double-plasma resonance (DPR) model in which the radio emission occurs in res-

onance layers where the upper hybrid frequency is harmonically related to the

electron cyclotron frequency in a coronal magnetic loop.

Subject headings: Sun: activity — Sun: flares — Sun: radio radiation

1. INTRODUCTION

Fine structures in the solar radio bursts - in both the time and frequency domains -

have been studied for many years. They are believed to embody important information

about charged particle acceleration processes, particle dynamics, and emission mechanisms

(Fleishman et al. 1994). Many such fine structures - type III bursts and their variants, spike

bursts, pulsations, fiber bursts - are believed to be the result of non-equilibrium processes in
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the coronal plasma. Zebra-pattern radio bursts (Slottje 1972; hereafter “zebra pattern” will

be abbreviated to “ZP”) are one of the most striking examples of such fine structures.

The observed properties of ZP radio bursts have been presented in detail in the review

by Chernov (2006) and are reiterated briefly here. ZP bursts appear in radio dynamic spectra

as closely-spaced, quasi-parallel bands of emission, typically ranging from ∼5−20 in number

but sometimes showing as many as 70. They have been observed at meter wavelengths for

decades (Elgaröy 1959; Slottje 1972; Kuijpers 1975); more recently, similar structures have

been reported at decimeter and centimeter wavelengths. For the purposes of discussion

we denote the instantaneous frequency of a single ZP emission band or stripe by fe, the

frequency bandwidth of a ZP emission band by ∆fe, the separation between adjacent ZP

emission bands by ∆fs, the mean frequency of two adjacent emission bands as fm, the

mean frequency of the ZP emission bands as a whole by 〈fe〉, and the overall frequency

bandwidth occupied by ZP emission bands by ∆ftot. Generally, ∆ftot/〈fe〉 decreases with

frequency whereas ∆fs/〈fe〉 increases with frequency; the relative bandwidth of individual

ZP emission bands ∆fe/fe shows no obvious trend with frequency and is typically . 1%

(Chernov 2006). There are few reports of the brightness temperature TB of ZP bursts. In

those cases where such constraints are available, the brightness temperature is typically very

high: Chernov et al. (1994) estimated the TB of a metric ZP to be ≈ 1010 K with the

source size constrained by the Nançay Radioheliograph (NRH); In Chernov et al. (2003), a

decimetric ZP that consisted of spiky superfine structures was estimated to have TB & 1013

K by assuming the burst had the same source size as a spike burst; Altyntsev et al. (2005)

used the Siberian Solar Radio Telescope (SSRT) to observe a ZP burst at ≈ 5.7 GHz, the

highest frequency ever reported for ZP emission, which yielded a lower limit of TB ≈ 2× 107

K, the source size being . 10′′. ZP bursts are typically observed during the impulsive and/or

decay phases of the flares. They are typically polarized in the sense of the ordinary wave

mode and the degree of polarization can be very high. The durations of ZP bursts can vary

from a few minutes down to a few seconds at meter wavelengths to decimeter/centimeter

wavelengths, respectively. The narrow-band features, high degree of circular polarization,

and indications of high brightness temperatures suggest that the corresponding emission

mechanism is coherent.

ZP bursts often appear with the presence of type IV continuum emission (hereafter

“continuum”). Many other fine structures, including type III bursts, broad band pulsations

(BBP), fiber bursts, and spikes accompany, or are associated with, ZP emission. There are

also some rare examples where ZPs consist of pulsating superfine structures (Kuznetsov &

Tsap 2007; Chen & Yan 2007; Kuznetsov 2008), and they appear in fast-drift, type-III-

like, absorption features (Zlotnik et al. 2009), which could be related to fast electron beam

injections into the magnetic trap.
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There is no broadly accepted interpretation for ZP emission. Several types of models

purport to explain the ZP phenomenon (see Chernov 2006; Zlotnik 2009). Most involve the

growth and conversion of electrostatic wave modes to transverse modes. One type of model

suggests that all the ZP stripes originate from the same discrete source, the dimensions of

which are assumed to be small enough for the inhomogeneity of the plasma density and

the magnetic field to be neglected. In these models, zebra stripes are assumed to be simul-

taneously generated at several harmonics of the local electron cyclotron frequency, due to

nonlinear couplings of Bernstein waves with each other or with upper-hybrid waves (here-

after “Bernstein models”) (e.g. Rosenberg 1972; Zheleznyakov & Zlotnik 1975a,b; Zaitsev &

Stepanov 1983).

A second type of ZP model is based on trapping upper hybrid Z mode waves in density

inhomogeneities (LaBelle et al. 2003). The trap results in a discrete spectrum of eigenfre-

quencies. The model depends on the emission by many such discrete traps distributed over

a larger volume.

Models based on propagation phenomena have also been proposed. Bárta & Karlický

(2006) and Laptukhov & Chernov (2006) suggest that coronal fine structure can behave

as an optical filter or produce Bragg-like reflections, resulting in regular emission bands.

Alternatively, interference between direct and reflected rays from a coherent source have

been suggested (Ledenev et al. 2006; Tan 2010).

Another class of models argues that ZPs are related to an extended source filled with

energetic electrons. The different zebra stripes originate from different locations in the

extended source, where resonance conditions are fulfilled. The most popular model of this

kind is the so-called double plasma resonance (DPR) model, first proposed by Zheleznyakov

& Zlotnik (1975a,b), and subsequently developed by several authors (e.g. Winglee & Dulk

1986; Kuznetsov & Tsap 2007). In this class of models, upper-hybrid waves are generated

most efficiently at locations where the double plasma resonance occurs:

fUH = (f 2
pe + f 2

ce)
1/2 = sfce (1)

where fUH is the upper-hybrid frequency, fpe is the electron plasma frequency, fce is the

electron cyclotron frequency, and s is the harmonic number. The distribution of the DPR

levels in the flare loop is determined by spatial gradients in the plasma density and magnetic

field.

Finally, models are based on propagation of whistler wave packets (Chernov 1976, 1990)

across, or along, the magnetic trap where the energetic electrons generate Langmuir waves

(hereafter “whistler model”). ZPs are produced by coalescence of the Langmuir waves (l)

and whistlers (w) through the process l + w −→ t, where t stands for transverse waves
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that can be observed as emission near the local plasma frequency. They propose that ZPs

as a whole are the manifestation of the ensemble of periodically generated whistler wave

packets propagating in the magnetic trap, in which each zebra stripe corresponds to one

propagating whistler wave packet. In this way, zebra stripes can be separated regularly from

each other in height (and emit at different frequencies) by a distance determined by the

whistler propagation velocity and time interval of generating the whistlers.

Both Chernov (2006) and Zlotnik (2009) discuss each of these models and summarize

their strengths and weaknesses. Many display significant theoretical shortcomings. In light

of these shortcomings, Chernov favors whistler models. In contrast, Zlotnik favors DPR

models. We will therefore direct most of our attention toward the last two classes of models

- DPR and whistler models - in subsequent discussion.

As for the type IV continuum emission associated with ZP bursts, it is assumed by

most models that it arises from fast electrons trapped magnetically in the coronal loops.

However, the relationship between the continuum and ZP emission varies from model to

model. In the Bernstein and DPR models, it is suggested that the only difference between

their formation is whether these trapped electrons favor conditions for creating the zebra

pattern or not, which is most likely the forms of anisotropic momentum distributions. In the

whistler model, the ZP is formed through interactions of the plasma waves that can result

in the type IV continuum. The propagation models, however, suggest that either the ZP

sources reside in the continuum source (Ledenev et al. 2006), or ZP emission as well as the

“background” continuum as a whole are just type IV continuum emission modulated by the

inhomogeneous medium (Bárta & Karlický 2006; Laptukhov & Chernov 2006). However,

because of the lack of spatial information, the physical relationship between the emission

sources of ZPs and type IV continuum is still not known.

The means of placing meaningful constraints on models for ZP and continuum emission

has been limited by the unavailability of spatial resolution at each of the frequencies and

times recorded by the dynamic spectrum. Interferometric observations of ZP emission at

even a single frequency are relatively few in number. Several examples are provided by

fixed-frequency observations of ZP by the NRH in combination with observations made by

a spectrometer (e.g. Chernov et al. 1994, 1998, 2001; Aurass et al. 2003; Chernov 2005).

Other examples have been provided by Altyntsev et al. (2005) and Chernov et al. (2005,

2006) who combined interferometric observations of ZP made by the SSRT at 5.7 GHz with

spectroscopic observations obtained by the Chinese Solar Broadband Radio Spectrometer

(SBRS/Huairou).

In the present paper we describe the first interferometric observations of ZP emission for

which both high-time resolution and high-spectral resolution observations are simultaneously
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available over a significant frequency bandwidth. The relevant instrumentation is described

in §2. The ZP event and its analysis are described in §3. The event is placed in a physical

context in §4, where we argue that the data are consistent with a DPR model. We conclude

in §5.

2. Instrumentation

The observations were obtained by the Frequency-Agile Solar Radiotelescope (FASR)

Subsystem Testbed (FST) (Liu et al. 2007). FASR is a next generation solar radio telescope

(Bastian 2004) designed to provide simultaneous imaging and spectroscopic observations

over a large bandwidth, with high angular, time, and spectral resolutions. The FST is a

prototype and testbed system for FASR. As such, it is the first system with the ability to

combine Nyquist-limited high time and frequency resolution with interferometric ability to

locate sources (Liu et al. 2007).

The FST uses the existing antenna system of the Owens Valley Solar Array (OVSA).

OVSA (Gary & Hurford 1994) is a solar-dedicated interferometric array that is composed of

two 27-meter antennas and five 1.8-meter antennas. OVSA can observe the Sun at up to 86

frequencies in the range 1-18 GHz. The FST employs three of the 1.8-meter OVSA antennas

(antenna number 5, 6 and 7) as shown in Figure 1. The longest baseline, between antennas

6 and 7, is nearly 280 meters which yields a minimum fringe spacing of 221′′ at 1 GHz.

Liu et al. (2007) describe the FST system configuration in detail, and we briefly reiterate

it here. A radio frequency (RF) splitter divides the output signals of the three OVSA/FST

antennas to simultaneously feed the OVSA receivers and the FST. Thus, the FST can be

used in parallel with OVSA, observing the same source as OVSA, without affecting OVSA’s

normal operation. FST signals are amplified and transmitted by a broadband optical fiber

to a block down-converter. The 1-5 GHz or 5-9 GHz band of RF signal from each antenna

is selected and down-converted to 1-5 GHz as necessary. The spectral-line down-converter

is used to select a single-sideband, 500 MHz band which is tunable anywhere within the

1-5 GHz band. The selected 500 MHz band is further down-converted it to an intermediate

frequency (IF) band of 500-1000 MHz. The 500 MHz IF band is sampled at 1 Gsps and the

data are written to disk. The full-resolution time-domain data are then correlated offline

using a software correlator (written in IDL) to produce amplitude and phase spectra on

the three interferometric baselines. For daily solar observing, the system employs a time

resolution of ≈20 ms and a frequency resolution of 0.98 MHz.

The small size of the FST antennas precludes calibration of the FST against sidereal

radio sources. However, since the event was observed by both FST and OVSA in parallel, we
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can make use of the OVSA observations to cross-calibrate FST. OVSA is calibrated against

sidereal standards in order to determine the complex gain of each antenna. However, OVSA

only samples the RF spectrum at 1.2 and 1.4 GHz. Moreover, the 1.2 GHz OVSA data were

found to be corrupted and were therefore unusable. Therefore, the FST 1.4 GHz data were

averaged in frequency and time to match the OVSA data. The calibrated OVSA amplitudes

and phases of antenna baselines 5-6, 6-7, and 5-7 were then compared to those measured by

FST, and the FST amplitudes and phases were corrected accordingly. As Figure 2 shows,

they agree with each other quite well after the cross-calibration. However, this process

doesn’t directly allow bandpass calibration of FST. Based on an examination of broadband

continuum emissions that occupy the entire frequency band, we conclude that the FST has

approximately linear bandpass patterns in phase with good stability in time on all three

baselines. We therefore applied linear fits as the bandpass correction to the phases.

3. Observations

The FST observed the powerful GOES class X1.5 flare that occurred on 2006 Dec 14 in

NOAA/USAF active region 10930 at S06W46, the site of a X3.4 flare the previous day (see,

e.g., Su et al. 2007). The flare on Dec 14 was accompanied by a fast halo CME and a solar

energetic particle event. Figure 3a shows the GOES SXR light curve; the flare started at

21:07 UT, peaked at 22:15 UT, and ended at around 04:00 UT on December 15. The radio

time profiles at 1.415 GHz, 2.695 GHz, and 8.8 GHz obtained by the Radio Solar Telescope

Network (RSTN, operated by the U.S. Air Force) are shown in Figure 3b−d. Note the

difference in scale between the intense 1.415 GHz emission and that at 2.695 and 8.8 GHz.

The two X-class flares on 2006 Dec 13 and 2006 Dec 14 were observed by the X-ray

Telescope (XRT) (Golub et al. 2007) and the Solar Optical Telescope (SOT) (Tsuneta et al.

2008) aboard Hinode (Kosugi et al. 2007). Most of the XRT images were taken with a

512′′ × 512′′ field of view (FOV) and a cadence of 60 s. Vector photospheric magnetograms

were obtained by the SOT SpectroPolarimeter (SP). The slit length and width of SOT/SP

are 164′′ and 0.16′′, respectively. For each magnetogram with a 297′′ × 164′′ FOV, the slit

scanned from east to west for about one hour, with a resolution of 0.297′′ and 0.320′′ in

the east-west and north-south directions, respectively. The SOT Ca II H band samples the

chromospheric structure at a very high spatial resolution (0.1 per pixel). Like Hα this band

is sensitive to plasma heating by precipitating electrons and/or thermal conduction. The

images were taken with a 218′′ × 109′′ FOV with a cadence of 120 s. Figure 4a and b give

the longitudinal magnetogram at the photospheric level Bz(0) observed from 22:00:05 to

23:03:16 UT, and an example of a Ca II H image at 22:37:35 UT.
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Figure 5 shows the Ca II H (Figure 5a−c) and XRT (Figure 5d−f) images at times

prior to the flare (a and d), during the flare maximum (b and e), and during the decay phase

(c and f) at the time of the ZP. The core flare region (marked as region “1” in Figure 4b)

is located between the two sunspots with opposite polarity. According to Su et al. (2007),

the flare loops inside this region evolve from highly sheared in the pre-flare phase into less

sheared in the post-flare phase, based on the XRT observations. Except for the flare core

region, there are two other major bright regions in the Ca II H images, where the brightness

of soft X-ray loops is enhanced at the same time, as shown in the XRT images. One is located

about 50′′ to the west of the core region (region “2” in Figure 4b), and another is located to

the north-west near the larger sunspot with negative polarity (region “3” in Figure 4b).

A more subtle Ca II H brightening is observed at the time of the ZP (at about 22:40

UT), indicated by a white arrow in Figure 5c). This brightening appeared in Ca II H images

at around 22:10 UT (near the flare maximum) and persisted for more than an hour.

3.1. FST ZP Observations

The FST observed the 2006 Dec 14 flare over a frequency range of 1.0−1.5 GHz. The

instrument observed both right- and left-circularly polarized radiation, switching between

the two polarizations every 4 s. A spectrum of 511 channels across the 500 MHz bandwidth

was produced every ≈20 ms. The 2006 Dec 14 flare produced a high level of type IV burst

activity in the post-flare phase for more than one hour. A rich variety of fine structures was

observed in the 1.0−1.5 GHz band, including ZP, fiber bursts, pulsations, and others. The

time of the ZP event is marked by the vertical line in Figure 3b, at about 22:40 UT, during

the decay phase.

3.1.1. Total Power Dynamic Spectrum

Figure 6a shows a dynamic spectrum of roughly 1 s of total power data near 22:40:07

UT. A striking ZP radio burst is present. The data are right-circularly polarized (RCP); the

left-circularly polarized (LCP) observations made just prior to those presented here showed

no ZP emission. We conclude that the ZP burst is highly right-circularly polarized. A

precise measure of the degree of polarization is not possible, however, because the noise in

the LCP observations is dominated by polarization leakage from the RCP channel. The ZP

burst shows as many as 12 distinct bands or stripes superposed on a type IV-like continuum

background centered on 〈fe〉 ≈ 1.32 GHz and with a frequency bandwidth ∆ftot of up to 150
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MHz, or ∆ftot/〈fe〉 & 10%. All of the zebra stripes drift in frequency together irregularly

with time. Figure 6c shows a histogram of the drift rates of the zebra stripes in the dashed

box marked in Figure 6a. An average drift rate of about −50 MHz s−1 is indicated by the

vertical line. The overall trend is to drift from higher to lower frequencies. The drift rates

of the zebra stripes are mainly between −100 MHz s−1 to 100 MHz s−1, comparable to,

but generally slower than, those of the so-called “fiber burst” in the same frequency range

(Elgarøy 1982).

The frequency profile of the ZP emission (averaged in the time denoted by the small

solid box in Figure 6a) is shown in Figure 6b. The contrast of each stripe is defined by (Ion−
Ioff )/Ioff (where Ion and Ioff are the intensities “on” and “off” a zebra stripe, respectively)

and is shown in Figure 6d. The relative frequency separations between adjacent zebra stripes

∆fs/fm in the dashed box of Figure 6a are shown in Figure 13a as diamonds. They are color-

coded in time from blue to red. One can clearly see that ∆fs/fm increases with frequency.

This phenomenon is commonly seen in zebra patterns reported by other authors in both the

meter and decimeter wavelength range (e.g. Chernov 2005; Chernov et al. 2005).

3.1.2. Apparent ZP Source Size

With only three antenna baselines it is not possible to image the ZP source. However,

we are able to constrain the source size using the visibility amplitudes as a function of

antenna baseline. We assume that we can characterize the source brightness distribution as a

symmetrical Gaussian. The visibility function is then likewise a Gaussian and a simple model,

characterized by a single spatial scale, can be fit to the normalized visibility amplitudes as

a function of spatial frequency. We have fit the source at frequencies “on” the bright zebra

stripes (hereafter “on-stripe source”) and at frequencies “off” the zebra stripes; that is, in

between the zebra stripes (hereafter “off-stripe source”). As is shown in Figure 7a, a simple

Gaussian model adequately fits both the on- and off-stripe sources. The visibility amplitudes

of the three baselines have been normalized by the total power measured by each antenna.

Figure 7b shows the corresponding Gaussian FWHMs of the on- and off-stripe sources in

the spatial domain for the six zebra stripes in Figure 6a. They both have values near 50′′,
but the sizes of the off-stripe sources are systematically larger than those of the on-stripe

sources by ≈ 10′′, except for the stripes at lower frequencies where the contrast is low (see

Figure 6d), a point to which we return in §3.1.3.

The uncertainty of the source size estimation depends on the accuracy of normalized

amplitude measurements. Within the context of the model a difference of 20% in the inferred

FWHM of the on- and off-stripe sources implies that the normalized amplitude of the off-
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stripe source on the longest antenna baseline (antennas 6-7) is lower than that of the on-stripe

source by & 10%. The normalized amplitude measurements used in our fitting are averaged

values along each zebra stripe. Therefore, the systematic errors can be represented by the

statistical standard deviation of the mean of the sample, which are respectively . 1% and

. 2% for the on- and off-stripe sources. We therefore regard errors as large as 10% as

unlikely and conclude that the on-stripe source is marginally more compact than the off-

stripe source. Qualitatively similar results were obtained by Chernov et al. (1994) using

one-dimensional NRH observations at a much lower frequency of 164 MHz.

Note that both sources are likely strongly affected by scattering. Bastian (1994) showed

that scattering by the overlying inhomogeneous corona can play an important role in modify-

ing the angular structure of the emission source at wavelengths longer than a few centimeters.

The estimated source sizes of ≈50′′ are consistent with angular scattering and the intrinsic

source sizes could be significantly smaller. Given an apparent source size of 50′′, the lower

limit of the brightness temperature of ZP source can be estimated to be ≈109 K.

3.1.3. Relative Locations of the ZP and Continuum Sources

We now ask whether the on- and off-stripe emissions originate from two different source

locations. If they are indeed separated from each other spatially, how are they related to

each other? Second, how do the source locations vary with time? Finally, do the on- and

off-stripe source locations have any significant dependence on frequency? In other words,

does the radiation at different frequencies come from different spatial locations or not?

In interferometry, the interferometric phase is a direct response to the spatial information

of the radiation source. We first consider the “dynamic phase spectrum” of the ZP emission

for the three baselines to gain a qualitative impression (Figure 8). For baselines 5-6 and 6-7,

zebra stripes can be distinguished as darker colors compared with the background continuum.

This means that the on- and off-stripe phases are measurably different. In addition, the

phase difference seems larger in the upper-left region (higher frequencies and earlier times)

than later in the event. For baseline 7-5, however, no phase differences are evident between

on-stripe and off-stripe emissions.

In order to characterize on- and off-stripe phases quantitatively, we employ “phasor

diagrams”. In a phasor diagram, the amplitude and phase of each measurement are displayed

in a polar plot. We have made phase measurements for both the on- and off-stripe emissions

of the spectral fragment indicated by the dashed box in Figure 6a, which includes six zebra

stripes in an interval of 0.48 s with 24 consecutive observations (from 22:40:06.86 UT to
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22:40:07.34 UT). The rms phase noise of a single data point (duration 20 ms and bandwidth

roughly 1 MHz), is about 5 degrees, too large for tracking the phase variations in time and

frequency among individual measurements. To increase the signal-to-noise ratio we averaged

the data as follows. First, we obtained the on- and off-stripe phases by averaging the three

frequencies about the flux maximum/minimum at each time. Second, we considered averages

of the phases “along” the on- and off-stripe positions (in time) and “across” the six on-

and off-stripe positions (in frequency). By averaging along the zebra stripes, we constrain

the phase variations of the on- and off-stripe sources as a function of frequency, so that

the spatial distribution of the ZP source over frequency can be revealed. Implicit in this

treatment is the assumption that the ZP source is likely to maintain the same structure as

a function of frequency during the brief averaging time. Similarly, by averaging the on- and

off-stripe phases in frequency, we track the phase variation of the ZP source with time, so

that the evolution of the source centroid location with time can be seen, considering that

different stripes of the ZP show the same drift motion according to the dynamic spectra.

This approach allowed us to reduce the statistical phase error by a factor of several, and

to show systematic variations in the on- and off-stripe phases in the phasor diagrams with

increased signal-to-noise ratio.

Figure 9 shows the results for the on-stripe (pluses) and off-stripe (triangles) emission

after averaging across the six zebra stripes. The pluses and triangles are colored from dark

blue to red to indicate the variation of amplitudes and phases in time. The dashed lines in

each panel represent increments of 5◦ in phase. It can be seen that the on-stripe phases of

baseline 5-6 and 6-7 drift by ≈9◦ within 0.48 s towards the off-stripe phases, while the off-

stripe phases show no evident drift. No significant phase drift is seen for baseline 7-5, thus the

direction of the spatial drift is nearly along the 7-5 interferometric fringe, which is NE-SW at

the time of observation. By applying the fringe spacings (which are respectively 274′′, 176′′,
and 439′′ for baselines 5-6, 6-7 and 7-5 at the time of observation) and orientations of the

three FST baselines (see Figure 4b), this amount of phase drift in time can be translated into

a spatial drift of 15.6± 6.5′′ from NE to SW on the solar disk, corresponding to a projected

drift velocity of 2.5± 1.0× 109 cm s−1 (≈0.1c). The estimated spatial error is based on the

rms error of the FST phase measurements (≈5◦), the total number of data points averaged,

and triangulation of the three fringes. The fringe orientations of the three baselines yield

the error to be orientationally dependent, which is larger in the NE-SW direction than the

SE-NW direction.

In addition, there is an evident difference in mean phase of about 6◦ between the on-

and off-stripe emissions for baseline 5-6 and 6-7, shown by the arrows in Figure 9. That

means the on- and off-stripe emission are separated in space by an average of 8± 0.9′′ in the

NE-SW direction.
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In the two bottom panels of Figure 9 the ZP phases shown in the top-left and top-middle

panels (baselines 5-6 and 6-7) are plotted as a function of time. The solid line, repeated in

each panel, represents the ZP frequency as a function of time (note that the frequency scale

on the right axis is reversed - with frequency decreasing from high to low values). Although

the variations in time are irregular, there is a rather good correlation between the phase

and the frequency; stated another way, there is a good correlation between the ZP source

centroid position and the mean ZP frequency.

Figure 10 shows similar phasor diagrams. Here, however, the data are averaged along

the zebra stripes, instead of across the zebra stripes as above, and the amplitude and phase

variations are shown as a function of frequency. The data are color-coded from black to

red for stripes with decreasing frequencies. The pluses and triangles denote the on- and off-

stripes sources, respectively. The amplitudes of the off-stripe source barely change, but those

of the on-stripe source drop with decreasing frequency. There is still little change in phase

for baseline 7-5, but both the on- and off-stripe phases shift by several degrees monotonically

across the six stripes. The shifts of on-stripe phases seem to be slightly larger than those of

the off-stripe phases. Therefore, it appears that the source centroid positions of both the on-

and off-stripe sources show a systematic displacement with frequency, which is respectively

14.6± 2.8′′ and 8.3± 2.8′′ across the six zebra stripes from NE to SW.

The spatial difference between the on-stripe and off-stripe emissions demonstrates that

there are indeed two spatially separated sources that contribute to the event, namely, the

zebra-stripe emission and the background continuum source. This, too, has been noted in

previous examples of ZP events using one-dimensional NRH observations at much lower

frequencies (Chernov 2006, and references therein). Care must be taken in further inter-

pretation of the phasor diagrams. The off-stripe emission is dominated by the continuum

source. However, the on-stripe emission has contributions from both the continuum and ZP

sources. Therefore, a change of relative intensities of the zebra and continuum sources can

result in an apparent position shift of the emission centroid measured at on-stripe frequen-

cies. The phase drift of the on-stripe emission in time (Figure 9) is not in question in this

respect because the amplitudes barely change in time along a given stripe. However, there

is an obvious change of on-stripe amplitude with frequency at a given time - the amplitude

decreases from high to low frequencies and the phase tends toward the value of the off-stripe

emission (Figure 10), which could be caused by the intensity modulation itself. In order

to correct for this effect, we vector-subtract the complex amplitudes of the off-stripe source

from those of the on-stripe source in the phasor diagram, and plot the actual phases of the

zebra source as “X” symbols in the first and second panels of the bottom row in Figure

10. After the correction, the ZP phases of the baseline 5-6 and 6-7 still show monotonic

displacements as a function of frequency, but now they become comparable to those of the
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continuum (off-stripe) phases. Again converting to angular displacements, the corrected ZP

source centroid has a displacement of 8.5± 2.8′′ across the six zebra stripes with a direction

from NE to SW, which is smaller than the value we obtained previously for the on-stripe

source (14.6± 2.8′′) but comparable to that of the continuum (off-stripe) source (8.3± 2.8′′).

The variation in the on-stripe source sizes seen in Figure 7b can also be explained by

the variation of intensity contrast. The off-stripe source sizes are nearly unaffected by the

contrast variation because the continuum source continuously dominates the emission at

off-stripe frequencies. But since the on-stripe emission is a mixture of zebra and continuum

emission, the variation in contrast plays an important role. At high contrasts (e.g., P > 1.5

at the Nos. 1−4 stripes), the zebra source dominates the on-stripe emission, and the source

size measurements primarily reflect the property of the zebra source. At lower contrasts

(e.g. P 6 1 at the Nos. 5−6 stripes), the contribution from the continuum source becomes

increasingly important and the source size measurements start to reflect the property of the

continuum source. Therefore, the on-stripe source sizes start to increase at lower-frequency

zebra stripes with decreasing intensity contrasts, and reach the size of the off-stripe source,

as shown in Figure 7b. If we do the vector subtraction on the on-stripe source as above,

the corrected relative intensities of zebra source can be obtained, hence their sizes can be

fitted accordingly and plotted in Figure 7b as “X” symbols. An up to 20′′ difference between

the zebra and continuum (off-stripe) source sizes can be seen after the correction (note the

fitted value of the lowest frequency stripe is unreliable, because its relative intensities have

large errors that comes from the subtraction of two sources with comparable intensities). We

suggest that the size difference is real and indicates the zebra source is yet more compact

(35 − 40′′) than the source size deduced in §3.1.2 (45 − 50′′) and the lower limit to the ZP

brightness temperature should therefore be increased by ≈ 60% to 1.6× 109 K.

3.1.4. Absolute ZP Source Location

Once calibration of the FST was achieved, as described in §2, we could locate the

absolute source positions by using the three interferometric fringes corresponding to the

three antenna baselines to triangulate. The averaged location (in time and frequency) of the

ZP source from 22:40:06.86 to 22:40:07.34 UT on the solar disk is shown in Figure 4 as the

intersection of the three fringes, with a dashed circle representing the apparent source size

of ≈50′′. The error of the source location is between 1.3′′ and 3.5′′ depending on direction.

The ZP source is located ≈ 100′′ to the west of the main flaring emission. For comparison,

the OVSA 4.6−6.2 GHz map at the same time is over-plotted as contours (the levels have

an increment of 10% of the maximum), showing that the higher-frequency emission is well-
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correlated with the three Ca II H bright regions (Figure 4b). The 4.6−6.2 GHz source is

far less intense than the ZP emission (cf. Figure 3) and is due to incoherent, non-thermal

gyrosynchrotron emission.

The variation of relative source centroid locations in time and frequency, as was discussed

in §3.1.3, can be now seen from the change of absolute locations on the solar disk. The

variation of source location along the zebra stripes – that is, from 22:40:06.86 to 22:40:07.34

UT – is shown in Figure 11a. The pluses denote the on-stripe source locations, with the

connecting arrow representing the projected spatial drift of 15.6′′ from NE to SW in 0.48 s.

The error bar in the lower-left corner gives the estimated error of the on-stripe location. The

off-stripe continuum source location is denoted by a single triangle because it does not display

a significant drift in time, with the error bar plotted in the lower-right corner. Figure 11b

shows the source locations as a function of frequency across six zebra stripes. The on- and

off-stripe source locations from stripes numbered 1 to 6 (decreasing in frequency) in Figure 6

are marked by the pluses and triangles. The “X” symbols show the “actual” locations of the

zebra source after removing the effect of relative intensity variations. The error is denoted

by the error bar in the lower-left corner. The connecting arrows show the variation of the

source locations with decreasing frequency. We can see that as the frequency decreases, the

zebra and continuum (off-stripe) source locations both shift from NE to SW by about 8−9′′,
and they are separated from each other by ≈ 11′′.

3.2. Magnetic field configuration

We are interested in constraining the location of the ZP source within the 3D magnetic

field configuration. We performed a nonlinear force-free field (NLFFF) extrapolation based

on the photospheric vector magnetogram obtained by the SpectroPolarimeter (SP) of the

Solar Optical Telescope on board Hinode. The SOT/SP measures Stokes profiles of two

magnetically sensitive Fe lines at 630.15 and 630.25 nm. We started from the SOT/SP level

2 data that are inverted using the “MERLIN” inversion code from the polarization spectra.

The 180◦ azimuthal ambiguity in the transverse magnetogram was resolved using the “mini-

mum energy” method (Metcalf et al. 2006). The observed vector magnetogram in the image

plane (in heliocentric coordinates) was then transformed to heliographic Cartesian coordi-

nates. Because the photospheric magnetic field is not necessarily force-free, an assumption

inherent to NLFFF extrapolation as a boundary condition, and since the measurements con-

tain inconsistencies and noise, the measured photospheric magnetic field was preprocessed

to mitigate these effects. Here we used the preprocessing method developed by Wiegelmann

et al. (2006). Finally, we performed the NLFFF extrapolation using the resulting magne-
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togram in the heliographic Cartesian coordinates using the weighted optimization method

(Wiegelmann 2004), which is an implementation of the original method of Wheatland et al.

(2000). Best results for a NLFFF extrapolation are achieved when positive and negative

magnetic flux are balanced; the FOV we selected to perform the extrapolation is therefore

244′′ × 163′′, centered on the active region. The extrapolation was then calculated on a

240×160×160 grid with a resolution of 1.02′′ in the x-, y- and z-directions (corresponding to

the directions of west, north and normal to the tangent plane centered on the active region).

In Figure 4, we have already seen that the location of the ZP source is nearly 100′′

away from the active region center in the image plane. Since the active region is at S06W46,

the ZP source is apparently located relatively high in the solar corona above the active

region. The projected ZP source location is known but the location along the line of sight is

unknown. We obtained a series of possible 3D locations of the radio source, consistent with

its projected location, and plot them in Figure 12. The zebra and continuum source locations

(averaged in time and frequency) are marked as “X” symbols and triangles respectively, and

color-coded in magnetic field strength (from light to dark blue, the magnetic field changes

from ≈90 G to ≈30 G at coronal heights from ≈40 Mm to ≈80 Mm). It can be seen that

as the radio source locations are placed higher in the corona, the magnetic field strength

decreases, and they move to a position more nearly over the large sunspot with negative

polarity. A group of extrapolated field lines in blue colors is drawn passing these possible

source locations, showing a post-flare loop system that is connected with the large sunspot

with negative polarity. The polarity of these field lines suggest that since the ZP is RCP,

it is polarized in the sense of the ordinary mode. We note, too, that a Ca II H brightening

pointed out at the beginning of §3 (in Figure 5c) is near the footpoints of the post-flare

loops in which the ZP source may be located. These field lines have orientations from NE to

SW, and extend to large coronal heights. For completeness, we also show the extrapolated

field lines of the three major Ca II H bright regions (see Figure 4b), which are grouped and

colored in red and green to represent increasing coronal heights.

4. Discussion

The key findings of the previous section may be summarized as follows:

• An intense X1.5 flare was observed on 2006 Dec 14. The flare was accompanied by

intense, prolonged, and variable decimeter wavelength emission as well as gyrosyn-

chrotron emission at centimeter wavelengths. A striking ZP radio burst was observed

during the decay phase, centered near 1.32 GHz, with an overall frequency bandwidth

of up to 150 MHz. It is completely right-circularly polarized and consists of up to 12
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zebra stripes superposed on broadband continuum emission. The stripes drift in the

spectrum irregularly as an entity with an average drift rate of −50 MHz s−1. The

relative frequency separations ∆fs/fm between adjacent stripes are ≈1.3%, with ∆fs

increasing with frequency.

• Two radio sources with a spatial separation of ≈11′′ - zebra and background continuum

- contribute to the ZP emission. The apparent zebra source size is around 35′′, which

is systematically smaller than that of the continuum source by as much as 20′′, after

the correction for the relative intensity effect. The source size of both the ZP and

continuum sources are likely strongly affected by scattering. The lower limit of the

brightness temperature of ZP is estimated to be 1.6× 109 K.

• The zebra source centroid drifts irregularly in time with an average drift of ≈ 16′′ in

0.48 s from NE to SW (corresponding to a projected average velocity of 2.5 × 109

cm s−1), while the continuum locations show no evident drift with time.

• Both the ZP on-stripe and off-stripe source locations are frequency dependent. After

correction of the source centroid positions for relative intensity variations, the centroid

position shifts 8 − 9′′ for both the zebra and continuum sources in the direction from

NE to SW across the six stripes from high to low frequency at a fixed time.

• The zebra and continuum sources are possibly located in a post-flare loop system with

an orientation from NE to SW, which connects to the large sunspot with negative po-

larity. The polarity of the magnetic field and the observed sense of circular polarization

of the ZP imply that it is o-mode.

Of these findings, perhaps the most significant are that the ZP (on-stripe) and continuum

(off-stripe) emissions show an angular separation as well as a difference in source size; and

that the ZP and continuum source locations are frequency dependent. In other words, the

radiation at different frequencies originates from different spatial locations. We are able to

conclude that the ZP and continuum sources are not spatially coincident and that both the

ZP and continuum sources are spatially extended.

We should point out that the spatial displacement of the on- and off-stripe emissions

suggests that the previous measurements of ZP spatial drift in time based on interferometric

observations at a single frequency may be misleading. Since the ZP shows frequency drifts

with time as an entity, a record of the flux density with time at a single frequency cuts

through different zebra stripes as well as the off-stripe continuum source. Apparent spatial

shifts can appear as a result of the switch between different sources with different locations.

We note that Altyntsev et al. (2005) reported a microwave zebra-pattern structure near 5.7
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GHz that was observed on 2003 January 05 by the SBRS and the SSRT. The apparent

source size, measured at a frequency far less influenced by scattering, was measured to be

< 10′′. The source positions of two successive ZP stripes coincide spatially in the east-west

direction. For these reasons, the authors concluded that the emission is due to the nonlinear

coupling of Bernstein waves in an unresolved source. Yet in Altyntsev et al. (2005) the

spatial coincidence of the two ZP stripes was based on measurements in one dimension at

a fixed frequency at different times. It is possible that the ZP source location drifting with

time can result in the apparent “coincidence” of the two stripes. Moreover, even if the two

stripes do coincide spatially in the east-west direction, there could be an unknown separation

in the north-south direction that is not revealed by the one-dimensional measurements.

In the case of the 14 December 2006 ZP event reported here, and in contrast to the

observations of Altyntsev et al. (2005), there is clear evidence that the source location is

frequency-dependent. Taken together with the theoretical difficulties raised by various au-

thors (e.g. Zlotnik 2009), we conclude that Bernstein models are unlikely to be relevant to

this ZP emission and we turn our attention to whistler and DPR models.

The observed projected average spatial drift velocity of the ZP source along the zebra

stripes (2.5 × 109 cm s−1 in the NE to SW direction) is about 40 times larger than the

local Alfvén velocity of ≈700 km s−1 calculated as VA = B/(4πnimi)
1/2 ≈ 2 × 1011Bn

−1/2
e ,

where B is the magnetic strength in the radio source, assumed here to be ∼ 50 G, and

n
1/2
e = f/(e2/πme)

1/2 ≈ f/9000 if one assumes the ZP emission at frequency f is near the

local plasma frequency. This velocity is too high for most physical movements of the radio

source reacting to the magnetic field variation. But it could be explained in terms of the

whistler model by propagation of low-frequency whistler wave packets with group velocities

(vgr) given by (Chernov 1976)

vgr = 2c
fce

fpe

√
fw

fce

(1− fw

fce

)3 (2)

in the quasi-longitudinal case, where c is the speed of light and fw is the whistler wave

frequency. For fw/fce ≈ 0.25, the ratio at which the growth of the whistler wave is preferred

in the decimetric range (Chernov 2006), the group velocities can reach the observed value of

2.5× 109 cm s−1 for fpe/fce . 10 (see Fig. 2 of Chernov 1976).

Is the whistler model able to explain the spatial drift of the ZP source in frequency and

time simultaneously? In the whistler model, periodically generated whistler wave packets

propagate along a trajectory in the magnetic trap at the whistler group velocity vgr. They

separate regularly from each other in space so that they can emit at discrete frequencies,

thereby producing zebra stripes. The frequency drift of each zebra stripe in the spectrum
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is determined by the motion of the corresponding whistler wave packet along its trajectory,

the density gradient along its trajectory, and wave-wave interactions. We suppose the ob-

served spatial drift with time corresponds to vgr. If the coronal number density decreases

exponentially with height

ne = ne0e
−∆h/Ln , (3)

where ne0 is the plasma density at the reference height h0, ∆h is the height from h0 and

Ln = dh/(−dne/ne) is the plasma density scale height, then the plasma frequency fpe can

be written as

fpe = fpe0e
−∆h/2Ln . (4)

The radiation is near the plasma frequency, so the frequency drift rate is

df

dt
= −f

vh

2Ln

, (5)

where vh is the vertical component of the whistler group velocity (normal to the solar surface).

Given the observed average frequency drift rate df/dt ≈ −50 MHz s−1 and the projected

velocity of vproj = 2.5 × 109 cm s−1 (which, given its nearly N-S orientation, is nearly

parallel to the solar surface), the tangent angle of the trajectory is then tan α1 = vh/vproj =

3× 10−11Ln. On the other hand, we observe the projected spatial displacement from zebra

stripes Nos. 1−6 to be ∆l1−6 = 8.5′′, or 6.2 × 108 cm, and their frequencies differ by

∆f1−6 ≈ 85 MHz. It’s easy to see from Eq. 4 that the height difference between zebra

stripes Nos. 1−6 ∆h1−6 ≈ ∆f1−6/f · 2Ln for small variations of f and Ln. Therefore, we

have another estimate of the tangent angle of the whistler wave packet trajectory tan α2 =

∆h1−6/∆l1−6 ≈ 2 × 10−10Ln, which is an order of magnitude larger than tan α1 that we

obtained based on the assumption that the observed source drift with time corresponded

to the whistler group velocity vgr. In other words, the trajectory of whistler wave packets

cannot be reconciled with both the observed spatial displacement of the ZP source with

frequency and the observed frequency drift with time.

It is also worth noting that the whistler model does not account for the systematic

increase of the relative spacing ∆fs/fm with increasing ZP frequencies as seen in Figure

13a, because the spatial separation between adjacent whistler wave packets is assumed to be

result from the periodic injection of whistler wave packets and their frequency separation is

therefore essentially constant.

We now consider whether the DPR model is consistent with the observed features of

the ZP and continuum source, including both the total power spectral features and their

apparent shift in spatial location as a function of time and frequency. As the ZP and

continuum sources emit near the local upper hybrid frequency fUH which, with fce ¿ fpe,

is near the local electron plasma frequency fpe, lower frequency emission should come from
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greater coronal heights for both the ZP and continuum sources. As a result, a spatial shift

with frequency is expected for both the ZP and continuum sources, in accordance with the

observations. Furthermore, The NE-SW direction of the spatial drift is generally consistent

with the NE-SW orientation of the post-flare loop system in which the emission sources are

located. However, the absolute height of the emission source is not yet known. The ZP

stripes are those locations where fUH ≈ fpe = sfce in the DPR model. We again assume an

exponential dependence of coronal number density as in Eq. 3, with a scale height Ln. The

coronal magnetic field is likewise assumed to decrease exponentially with height:

B = B0e
−∆h/LB , (6)

where B0 is the magnetic field at h0 and LB is the magnetic field scale height. The electron

cyclotron frequency fce ∝ B and so

fce = fce0e
−∆h/LB . (7)

It can be shown that the relative frequency spacing between the adjacent zebra stripes in

the DPR model is then given by (Kuznetsov & Tsap 2007)

∣∣∣∣
∆fs

fm

∣∣∣∣ '
1

s

1

1− (2Ln/LB)
, (8)

where s is the harmonic number with f = sfce. Given the continuity of each zebra stripe in

the dynamic spectrum for the ≈ 0.5 s duration of the spectral fragment in our analysis (the

dashed box in Figure 6a), we assume that each stripe corresponds to a single integer harmonic

s of the electron cyclotron frequency fce. Moreover, successive zebra stripes emitting at

discrete frequencies should have a one-to-one correspondence with successive integer values

of s, i.e. s0, s0 + 1, ..., where s0 is the reference harmonic number at h0. Thus the frequency

spacing ∆fs/fm is a function of (s0 + i), i=0, 1, 2 ... .

By using the observed values of ∆fs/fm for each ZP frequency at a fixed time, we obtain

a pair of best-fit values of s0 and Ln/LB. In particular, for a given time, we start with a fixed

s0 and perform a least-squares fit to find Ln/LB. Then we increment the value of s0 by integer

values until a minimum in the standard deviation of the fit to ∆fs/fm is reached. We did

such fits of ∆fs/fm as a function of (s0 + i) for the six zebra stripes for the 24 consecutive

integrations shown by the dashed box in Figure 6a. Figure 13a shows examples of these

fits at five near-equally spaced times spanning the entire fitting time range (22:40:06.86 UT,

22:40:06.96 UT, 22:40:07.04 UT, 22:40:07.16 UT, and 22:40:07.26 UT), where square symbols

and solid lines represent respectively the measured and best-fit values, and are color-coded

in time from blue to red. From the distribution of best-fit values of s0, after excluding a

few outliers, we conclude that s0 = 8 is the most probable value, with a scatter of σs0 ≈1.4.
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Therefore we assign harmonic numbers of s = 8, 9, 10, 11, 12, 13 to the six successive zebra

stripes numbered from 1 to 6 in Figure 6a, with a corresponding Ln/LB ≈4.4±0.5. Note that

a stripe with lower frequency corresponds to a higher harmonic number, which is consistent

with the previous results based on DPR models (e.g. Zlotnik et al. 2003; Kuznetsov & Tsap

2007). Such a ratio of the scale heights means the magnetic field changes faster than the

plasma density with height, which is usually the case in the solar corona. The magnetic field

strengths B from stripes 1 to 6 (from low to high in height) can be estimated to be from 62

G to 35 G, by using the harmonic values s and assuming f ' fpe ' sfce. The uncertainty

in B can be estimated from the scatter in the distribution of s0. We find that it ranges

from 17% at s0 = 8 to 11% for s = s0 + 5 = 13. Using the magnetic fields derived from the

NLFFF extrapolation results in §3.2 for guidance, we suggest the zebra stripes 1 to 6 of the

ZP source are consistent with a location in the the post-flare loop system at coronal heights

from 57 to 75 Mm above the photosphere. The magnetic scale height LB can be estimated

to be LB = dh/(−dB/B) ≈ 3.2× 109 cm. On the other hand, an estimation of the density

scale height Ln is also available by Ln = dh/(−2df/f) ≈ 1.4 × 1010 cm, from the known

frequencies of the zebra stripes (an equivalent result of Ln can be obtained by using LB and

the fitted value of Ln/LB ≈ 4.4).

DPR levels are formed as a result of plasma density and magnetic field variations in

height, as demonstrated by Figure 13b. By applying the values of Ln, LB, and s, the

dependencies of sfce and fpe as a function of ∆h are given for the time denoted as the solid

box in Figure 6a. The reference height h0 is set to be that of the lowest DPR level (the No.

1 stripe with s0 = 8). The intersections of the curves sfce(∆h) and the plasma frequency

distribution fpe(∆h) (marked by diamonds) are the DPR levels, which coincide with the

observed frequencies of zebra stripes (denoted by the horizontal lines). In this event, the

zebra stripes drift irregularly and rapidly in the dynamic spectrum, indicating that the DPR

levels do not remain at precisely the same height in the flare loop - that is, h0 varies by a

few percent of Ln, or a few thousand kilometers - which also accounts for the scatter and

temporal variation seen in Figure 13a.

In the whistler model, formation of the regularly spaced stripes of ZP in frequency

is based on propagation of the periodically generated whistler wave packets along a given

trajectory - that is, the trajectory of each whistler wave packet determines the spatial drift

of each zebra stripe in time (with tangent angle tan α1), should follow the same orientation

of the spatial extent of the entire ZP source, represented by the spatial displacement of

zebra stripes at different frequencies (with tangent angle tan α2), i.e. tan α1 ≈ tan α2. We

have already demonstrated that they can not be reconciled in the context of the whistler

model. For the DPR model the two “trajectories” need not coincide. The DPR levels,

corresponding to the observed zebra stripes, are distributed along a coronal loop at locations
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where the resonant conditions are matched. At the same time, the locations of each DPR

level can change with time in response to the variation of source conditions. Therefore,

the “trajectory” of each DPR level is not required to follow the same orientation of the

spatial distribution of the resonance layes in the loop. In fact, given the density scale height

of Ln ≈ 1.4 × 1010 cm, we have α1 ≈ 23◦ and α2 ≈ 70◦. That means the DPR levels are

distributed near vertically in the coronal loop while their apparent motion is nearly horizontal

in time.

Both the ZP and continuum sources probably reside on the same post-flare/post-CME

loops that extend field lines from in or near the large sunspot with negative polarity to well

up into the corona with a NE to SW orientation. The radio emission could be powered by an

energy release site high up in the corona above the radio source. This site could be related to

magnetic reconnections induced by the fast halo CME associated with this flare, which may

also account for the intense and prolonged type IV burst activity in the post-flare phase,

from 22:07-23:15 UT. As mentioned in §3.2, the radio source may be magnetically associated

with the Ca II H brightening feature that persists for the duration of the type IV emission.

The brightening may indicate the magnetic footpoints of the field lines on which the ZP and

type IV emission originates.

In the DPR model, ZPs are thought to arise from energetic electrons in a magnetic trap

with a large gradient in electron momentum distribution function perpendicular to the mag-

netic field ∂f/∂p⊥, as might arise from a distribution function sharply peaked perpendicular

to the magnetic field (e.g., a Dory-Guest-Harris, or ring, distribution), or a loss-cone distri-

bution with sufficiently narrow momentum dispersion (e.g. Winglee & Dulk 1986; Kuznetsov

& Tsap 2007; Zlotnik et al. 2009). At the same time, the continuum emission can also

arise from an anisotropic electron distribution in the magnetic trap, most likely, a common

loss-cone distribution (e.g. Kuznetsov & Tsap 2007; Zlotnik et al. 2009). Therefore, it is

plausible that the ZP and continuum observed by the FST is related to the injection of fast

electrons that originate from the energy release site above the radio source, perhaps as the

result of magnetic reconnection behind the fast halo CME associated with the flare. These

downward-propagating electrons establish the anisotropic distribution that drives the zebra

and continuum emission. It is highly unlikely that the ambient electron number density or

the magnetic field change significantly during the ∼ 1 s duration of the ZP event reported

here and therefore cannot be the reason for variations in the ZP frequency drift with time.

More likely, variations in the number and/or degree of anisotropy of the injected electrons

lead to variations in the height where wave growth is favored and the DPR condition is met.

As a result, the heights of the established anisotropic distribution and/or the DPR levels

can be modulated, and form the irregular ZP frequency drift in the dynamic spectrum. The

observed irregular drift of ZP source centroid in time can also be attributed to this effect.
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As has been proposed by many authors (e.g. Winglee & Dulk 1986; Kuznetsov & Tsap

2007; Zlotnik et al. 2009), the conditions required to produce a ZP signature through the DPR

instability are more stringent than those for producing a continuum, e.g., a low-momentum

electron deficit, a narrower momentum dispersion, a higher overall momentum, etc. In

addition, for achieving the observed large intensity contrast of the ZP to the continuum

in this event, the growth rate of the ZP emission should be sufficiently higher than that

of the continuum, which may require a higher non-equilibrium electron density. All the

peculiarities mentioned above could possibly explain the observations of the relatively short-

lived and fast-varying ZP and the more persistent and stable continuum in this event.

5. Conclusion

We present FST observations of a striking zebra pattern radio burst that occurred dur-

ing the 14 December 2006 X3.4 flare. This is the first observation of zebra pattern emission

that combines simultaneous high spectral and time resolution data with interferometric ob-

servations over the entire bandwidth. After calibrating the FST against OVSA we can obtain

the absolute locations of radio fine structures on the solar disk, and study their spatial and

spectral features. We conclude that the DPR model is the most favorable model since it can

fit most spectral and spatial features of this ZP event.

The cartoon in Figure 14 summarizes our interpretation of the ZP event within the

framework of DPR model: the zebra and continuum source are located at a height of 60−80

Mm in a post-flare/post-CME loop system that connects the large sunspot with negative

polarity with a NE to SW orientation. Both the zebra and continuum are extended sources

occupying a total height range of ≈ 20 Mm in the post-flare loops, which explains the

spatial drifts of ZP and continuum in frequency. Within the zebra source, individual stripes

correspond to emissions near the local plasma frequencies at the DPR levels. We suggest

that the fast electrons responsible for the continuum and ZP emission originate in an energy

release site high up in the corona above the radio source, perhaps the result of magnetic

reconnections induced by the fast halo CME. The fast and irregular spatial drift of the

ZP source centroid in time and the irregular frequency drift of ZP likely result from time

variations in properties of the fast electrons injected into the field well above the ZP source.

The continuum source is comparatively more extended in size, with its emission centroid

separated from that of the zebra source in the NE−SW direction. The continuum emission

requires less stringent conditions for the anisotropic distribution of the injected electrons and

can therefore have a different size and a different source centroid location. This may also

explain why the continuum emission is comparatively more stable in time and frequency.
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Fig. 1.— The nearly right triangle antenna configuration of FASR Subsystem Testbed,

which consists of three 1.8-m antennas numbered 5, 6, and 7 of the Owens Valley Solar

Array (adapted from Liu 2007).
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Fig. 2.— Comparison of OVSA and FST amplitudes and phases (OVSA: plus; FST: solid

line). From top to bottom: baselines of antenna 5-6, 6-7, 7-5, respectively.
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Fig. 3.— GOES and RSTN time profiles of the 2006 December 14 flare. Note the difference

in scale between the intense 1.415 GHz emission and that at 2.695 and 8.8 GHz. The time

of the ZP event is marked by the vertical line in (b), at about 22:40 UT, during the decay

phase.
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Fig. 4.— Longitudinal photometric magnetogram Bz(0) (a) and an example of a Ca II H

image at 22:37:35 UT (b) by SOT. North is up and west is to the right. The magnetogram

was observed from 22:00:05 to 23:03:16 for about one hour. The intersection of the three

interferometric fringes of FST denote the location of the ZP emission centroid (observed

around 22:40 UT), with a dashed circle representing the ≈ 50′′ apparent source size obtained

in §3.1.2. The error of the source location is between 1.3′′ and 3.5′′ depending on direction.

The contours are the OVSA 4.6−6.2 GHz map at the same time of the ZP (the levels have

an increment of 10% of the maximum). The numbers “1”, “2”, and “3” in (b) mark the

locations of the three major Ca II H bright regions seen in Figure 5a-c.
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Fig. 5.— Hinode SOT Ca II H and XRT observations of the 2004 December 14 flare showing

the chromospheric and coronal evolution. The left column: Hinode Ca II H images at

19:43:37, 22:09:39, and 22:37:35 UT. The right column: Hinode XRT images at 19:43:52,

22:09:29, and 22:40:42 UT. They correspond to the times prior to the flare, during the flare

maximum, and of the occurrence of ZP in the post-flare phase. The white arrow in (c) shows

the subtle Ca II H brightening that may be magnetically associated with the ZP source.
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Fig. 6.— (a): A zebra-pattern structure observed at around 22:40 UT on 2006 December

14. Six successive strong stripes with decreasing frequencies are marked by numbers 1 to

6. (b): Frequency profile of zebra-pattern structure, averaged in the time denoted by the

small solid box (between 22:40:07.18 UT and 22:40:07.26 UT). (c): Histogram of drift rates

of zebra stripes in the large dashed box. Vertical line indicates the mean drift rate is about

-50 MHz/s. (d): Intensity contrasts P = (Ion − Ioff )/Ioff at the six zebra stripes. Pluses,

stars, and triangles denote respective contrasts of baseline 5-6, 6-7, and 7-5.
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Fig. 7.— (a): An example of Gaussian fits of the relative visibility amplitudes on one zebra

stripe. Pluses and triangles denote the on- and off-stripe sources respectively. The seven

data points for each fit are the relative visibility amplitudes for the three FST baselines (both

positive and negative, plus one total power/zero-spacing amplitude). A narrower Gaussian

in this visibility plot implies a spatially larger source. (b): Source size estimations on the six

zebra stripes in Figure 6a. The “X” symbols denote the zebra source sizes after removing

the contribution from the continuum (off-stripe) source. The average value of the on- and

off-stripe source sizes is given by the horizontal dashed line.
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Fig. 8.— The total power dynamic spectrum as well as the “dynamic phase spectrum” of the

three baselines. For baseline 5-6 and 6-7 the phases at the zebra stripes (darker colors) and

background continuum are evidently different, but there is no notable difference for baseline

7-5.
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Fig. 9.— The first row: phasor diagrams showing the visibility amplitude and phase varia-

tions of ZP for all the three baselines. The visibilities are averaged across the zebra stripes,

showing the variations in time (colored from blue to red). The amplitude and phase for each

visibility data are represented by its absolute distance from the origin and the direction,

respectively. Pluses and triangles denote the on- and off-stripe sources. Arrows give the

average amplitudes and phases. The second row: the ZP phases of baselines 5-6 and 6-7 as

a function of time. The solid line, repeated in each panel, represents the ZP frequency as a

function of time (note that the frequency scale on the right axis is reversed - with frequency

decreasing from high to low values).
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Fig. 10.— The first row: phasor diagrams showing the visibility amplitude and phase vari-

ations of ZP for all the three baselines. The visibilities are averaged along the zebra stripes,

showing the variations in frequency (colored from black to red for the six stripes with de-

creasing frequency). Pluses and triangles denote the on- and off-stripe sources. Arrows give

the average amplitudes and phases. The second and third rows give the visibility amplitudes

and phases of the six stripes. In the first and second panels of the third row, the “X” symbols

denote the corrected phases of the zebra source.
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Fig. 11.— (a): The variation of source centroid location along the zebra stripes (with time).

The pluses denote the on-stripe source locations along the zebra stripes from 22:40:06.86 to

22:40:07.34 UT (marked in the dashed box in Figure 6), and the arrow shows the position

drift. The error is represented by the error bar in the lower-left corner. The triangle denote

the off-stripe (continuum) source location, which shows no evident drift, with the error bar

plotted in the lower-right corner. (b): the variation of source centroid location across the six

zebra stripes (with frequency).The pluses, triangles, and the “X” symbol denote respectively

the on-stripe, off-stripe and corrected zebra source locations from stripe Nos. 1 to 6 in Figure

6 (decreasing in frequency). The arrows give their corresponding position displacements. The

error bar in the lower-left corner gives the error.
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Fig. 12.— The deprojected zebra and continuum source locations with the NLFFF extrapo-

lation field lines. The left image is the view from top, while the two images on the right are

for side views from south and east (the x- and y-axis points at west and north, and the z-axis

is perpendicular to the tangent plane centered at the active region). The “X” symbols and

triangles denote a series of possible 3D locations of continuum and zebra sources consistent

with their projected locations (averaged in time and frequency) on the image plane. The

extrapolated field lines in blue colors passing the possible radio source locations are probably

the post-flare loops in which the radio source is located. The colors from light to dark blue

denote the magnetic field strengths from 90 to 30 Gauss at heights from 40 to 80 Mm. The

magnetic configurations of the three major Ca II H bright regions (see Figure 4b) are also

shown by the extrapolated field lines, which are grouped and colored in red and green to

represent increasing coronal heights.
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Fig. 13.— (a): Fitting examples of ∆fs/fm as a function of fm for the six zebra stripes in the

dashed box of Figure 6a (which has 24 consecutive measurements in time from 22:40:06.86 UT

to 22:40:07.34 UT). The square symbols and solid lines represent respectively the measured

and best-fit values at five near-equally spaced times spanning the entire fitting time range

(22:40:06.86 UT, 22:40:06.96 UT, 22:40:07.04 UT, 22:40:07.16 UT, and 22:40:07.26 UT).

They are color-coded in time from blue to red. The most probable fitting values of the

hamonic numbers are s = 8, 9, 10, 11, 12, 13 for the six zebra stripes numbered from 1 to 6 in

Figure 6a, and the corresponding Ln/LB = 4.4. (b) Horizontal lines are the averaged peak

frequencies of the six zebra stripes in the solid box of Figure 6a (around 22:40:07.21 UT).

The curves of gyroharmonics sfce with s = 8− 13 are plotted as a function of coronal height

∆h relative to the height of the s = 8 layer. The intersections of the curves sfce(∆h) and

the plasma frequency distribution fpe(∆h) are the DPR levels.
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Fig. 14.— A simplified source model: the zebra and continuum source are located at a height

of 60− 80 Mm in a post-flare/post-CME loop system that connects the large sunspot with

negative polarity with a NE to SW orientation. Both the zebra and continuum are extended

sources occupying a total height range of ≈ 20 Mm in the post-flare loops. Within the

zebra source, individual stripes correspond to emissions near the local plasma frequencies

at the DPR levels (horizontal dashed lines, of which the lowest one corresponds to the

s0 = fpe/fce = 8 layer). An energy release site is located high up in the corona above

the radio source. Electron beams generated from this site propagate downwards along the

magnetic field lines into the magnetic trap and give rise to the instability for emission. The

fast and irregular spatial drift of the ZP source centroid in time (≈ 0.1c, indicated by the

arrow showing the general drift direction of NE−SW) and the irregular frequency drift of

ZP likely result from time variations in properties of the fast electrons injected into the field

well above the ZP source. The continuum source is comparatively more extended in size,

with its emission centroid separated from that of the zebra source in the NE−SW direction.


