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ABSTRACT

We present the rst interferometric observation of a zebra-paérn radio burst
with simultaneous high spectral ( 1 MHz) and high time (20 ms) resolution.
The Frequency-Agile Solar Radiotelescope (FASR) Subsystem Test (FST)
and the Owens Valley Solar Array (OVSA) were used in parallel to obse the
X1.5 are on 14 December 2006. By using OVSA to calibrate the FST &
source position of the zebra pattern can be located on the solar ldisWith the
help of multi-wavelength observations and a nonlinear force-freeeld (NLFFF)
extrapolation, the zebra source is explored in relation to the magte eld con g-
uration. New constraints are placed on the source size and positiags a function
of frequency and time. We conclude that the zebra burst is consstt with a
double-plasma resonance (DPR) model in which the radio emission oxin res-
onance layers where the upper hybrid frequency is harmonically redd to the
electron cyclotron frequency in a coronal magnetic loop.

Subject headingsSun: activity | Sun: ares | Sun: radio radiation

1. INTRODUCTION

Fine structures in the solar radio bursts - in both the time and fregency domains -
have been studied for many years. They are believed to embody imfamt information
about charged particle acceleration processes, particle dynamiasd emission mechanisms
(Eleishman et al. 1994). Many such ne structures - type lll burts and their variants, spike
bursts, pulsations, ber bursts - are believed to be the result ofam-equilibrium processes in
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the coronal plasma. Zebra-pattern radio bursts (Slottje 197 2iereafter \zebra pattern” will
be abbreviated to \ZP") are one of the most striking examples of sh ne structures.

The observed properties of ZP radio bursts have been preseniadietail in the review
by Chernov (2006) and are reiterated brie y here. ZP bursts apgar in radio dynamic spectra
as closely-spaced, quasi-parallel bands of emission, typically ramgfrom 5 20 in number
but sometimes showing as many as 70. They have been observed atemwavelengths for
decades|(Elgamy 1959; Slottje 1972; Kuijpers 1975); more eatly, similar structures have
been reported at decimeter and centimeter wavelengths. For thmurposes of discussion
we denote the instantaneous frequency of a single ZP emission bandstripe by fe, the
frequency bandwidth of a ZP emission band by f., the separation between adjacent ZP
emission bands by fg, the mean frequency of two adjacent emission bands &g, the
mean frequency of the ZP emission bands as a whole i, and the overall frequency
bandwidth occupied by ZP emission bands by f;. Generally, f=f.i decreases with
frequency whereas fs=If i increases with frequency; the relative bandwidth of individual
ZP emission bands f.=fe shows no obvious trend with frequency and is typically 1%
(Chernov 12006). There are few reports of the brightness termaéure Tg of ZP bursts.
In those cases where such constraints are available, the brighdeeemperature is typically
very high: [Chernov et al. (1994) estimated thdg of a metric ZP to be 10'° K with the
source size constrained by the Narncay Radioheliograph (NRH); I@hernov et al. (2008), a
decimetric ZP that consisted of spiky super ne structures was tsated to have Tg & 10'3
K by assuming the burst had the same source size as a spike bursltyAtsev et all (2005)
used the Siberian Solar Radio Telescope (SSRT) to observe a ZP bwas 5.7 GHz, the
highest frequency ever reported for ZP emission, which yielded a Bwimit of Tz 2 10’
K, the source size being 10°° ZP bursts are typically observed during the impulsive and/or
decay phases of the ares. They are typically polarized in the sensé the ordinary wave
mode and the degree of polarization can be very high. The duration§ ZP bursts can vary
from a few minutes down to a few seconds at meter wavelengths tectmeter/centimeter
wavelengths, respectively. The narrow-band features, high deg of circular polarization,
and indications of high brightness temperatures suggest that theorresponding emission
mechanism is coherent.

ZP bursts often appear with the presence of type IV continuum ession (hereafter
\continuum™). Many other ne structures, including type Ill bur sts, broad band pul-
sations (BBP), ber bursts, and spikes accompany, or are assated with, ZP emission.
There are also some rare examples where ZPs consist of pulsatingesune structures
(Kuznetsov & Tsap 12007;. Chen & Yan 2007; Kuznetsov 2008), arttey appear in fast-
drift, type-lll-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. Sewtrtypes of models
purport to explain the ZP phenomenon (see _Chernov 2006; Zlothik29). Most involve
the growth and conversion of electrostatic wave modes to traremge modes. One type of
model suggests that all the ZP stripes originate from the same diste source, the di-
mensions of which are assumed to be small enough for the inhomagnof the plasma
density and the magnetic eld to be neglected. In these models, zabstripes are assumed
to be simultaneously generated at several harmonics of the locaéaron cyclotron fre-
guency, due to nonlinear couplings of Bernstein waves with each ethor with upper-hybrid
waves (hereafter \Bernstein models") (e.g. Rosenbérg 1972;eléznyakov & Zlotniki1975a,b;
Zaitsev & Stepanov 1983).

A second type of ZP model is based on trapping upper hybrid Z modeves in density
inhomogeneities [(LaBelle et al. 2003). The trap results in a discretpectrum of eigenfre-
guencies. The model depends on the emission by many such disctedps distributed over
a larger volume.

Models based on propagation phenomena have also been propodgdta & Karlicky
(2006) and|Laptukhov & Chernov (2006) suggest that coronalne structure can behave
as an optical Iter or produce Bragg-like re ections, resulting in rgular emission bands.
Alternatively, interference between direct and re ected rays 'm a coherent source have
been suggested (Ledenev etlal. 2006; Tan 2010).

Another class of models argues that ZPs are related to an extexd®urce lled with en-
ergetic electrons. The di erent zebra stripes originate from di eent locations in the extended
source, where resonance conditions are ful lled. The most popularodel of this kind is the
so-called double plasma resonance (DPR) model, rst proposed bheleznyakov & Zlotnik
(19754,b), and subsequently developed by several authors (3\nglee & Dulk|1986; Kuznetsov & Tsap
2007). In this class of models, upper-hybrid waves are generatadst e ciently at locations
where the double plasma resonance occurs:

fun = (Fae+ f&)'™ = sfe 1)

where fyy is the upper-hybrid frequency,f,e is the electron plasma frequencyf . is the
electron cyclotron frequency, and is the harmonic number. The distribution of the DPR
levels in the are loop is determined by spatial gradients in the plasmaemsity and magnetic
eld.

Finally, models are based on propagation of whistler wave packetsh€novi 1975, 1990)
across, or along, the magnetic trap where the energetic electsogenerate Langmuir waves
(hereafter \whistler model”). ZPs are produced by coalescencd the Langmuir waves ()
and whistlers () through the processl + w ! t, wheret stands for transverse waves



{41

that can be observed as emission near the local plasma frequenthiey propose that ZPs

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

packets propagating in the magnetic trap, in which each zebra stepcorresponds to one
propagating whistler wave packet. In this way, zebra stripes carelseparated regularly from
each other in height (and emit at di erent frequencies) by a distare determined by the

whistler propagation velocity and time interval of generating the wistlers.

Both Chernov (2006) and_Zlotnik (2009) discuss each of these n&dgland summarize
their strengths and weaknesses. Many display signi cant theotieal shortcomings. In light
of these shortcomings, Chernov favors whistler models. In coast, Zlotnik favors DPR
models. We will therefore direct most of our attention toward the Ist two classes of models
- DPR and whistler models - in subsequent discussion.

As for the type IV continuum emission associated with ZP bursts, it i@ssumed by
most models that it arises from fast electrons trapped magnetically the coronal loops.
However, the relationship between the continuum and ZP emission nes from model to
model. In the Bernstein and DPR models, it is suggested that the onlyi erence between
their formation is whether these trapped electrons favor conditis for creating the zebra
pattern or not, which is most likely the forms of anisotropic momentun distributions. In the
whistler model, the ZP is formed through interactions of the plasmaaves that can result
in the type IV continuum. The propagation models, however, suggethat either the ZP
sources reside in the continuum source (Ledenev et lal. 2006), & @mission as well as the
\background" continuum as a whole are just type IV continuum emision modulated by the
inhomogeneous medium_(Barta & Karlick/ 2006;| Laptukhov & Chenov 2006). However,
because of the lack of spatial information, the physical relationghbetween the emission
sources of ZPs and type IV continuum is still not known.

The means of placing meaningful constraints on models for ZP andntiouum emission
has been limited by the unavailability of spatial resolution at each of th frequencies and
times recorded by the dynamic spectrum. Interferometric obsetions of ZP emission at
even a single frequency are relatively few in number. Several exdegpare provided by
xed-frequency observations of ZP by the NRH in combination with bservations made by
a spectrometer (e.gl_Chernov et al. 1994, 1998, 2001; Aurasakt2003;| Chernov 2005).
Other examples have been provided by Altyntsev et all (2005) andh€rnov et al. (2005,
2006) who combined interferometric observations of ZP made bydlSSRT at 5.7 GHz with
spectroscopic observations obtained by the Chinese Solar Broadd Radio Spectrometer
(SBRS/Huairou).

In the present paper we describe the rst interferometric obseations of ZP emission for
which both high-time resolution and high-spectral resolution obseations are simultaneously
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available over a signi cant frequency bandwidth. The relevant instrmentation is described
in X2. The ZP event and its analysis are described x8. The event is placed in a physical
context in x4, where we argue that the data are consistent with a DPR model. Wnclude
in x5.

2. Instrumentation

The observations were obtained by the Frequency-Agile Solar Ratétescope (FASR)
Subsystem Testbed (FST)l(Liu et all 2007). FASR is a next geneiiah solar radio telescope
(Bastian 2004) designed to provide simultaneous imaging and spexscopic observations
over a large bandwidth, with high angular, time, and spectral resdiions. The FST is a
prototype and testbed system for FASR. As such, it is the rst sgtem with the ability to
combine Nyquist-limited high time and frequency resolution with interometric ability to
locate sources| (Liu et al. 2007).

The FST uses the existing antenna system of the Owens Valley Solarrdy (OVSA).
OVSA (Gary & Hurford|1994) is a solar-dedicated interferometric rmay that is composed of
two 27-meter antennas and ve 1.8-meter antennas. OVSA can sdrve the Sun at up to 86
frequencies in the range 1-18 GHz. The FST employs three of the-m@ter OVSA antennas
(antenna number 5, 6 and 7) as shown in Figuig 1. The longest baselitbetween antennas
6 and 7, is nearly 280 meters which yields a minimum fringe spacing of %24t 1 GHz.
Liu et al. (2007) describe the FST system con guration in detail, andve brie y reiterate it
here. A radio frequency (RF) splitter divides the output signals ofhie three OVSA/FST
antennas to simultaneously feed the OVSA receivers and the FSThds, the FST can be
used in parallel with OVSA, observing the same source as OVSA, witlitoa ecting OVSA's
normal operation. FST signals are ampli ed and transmitted by a bradband optical ber
to a block down-converter. The 1-5 GHz or 5-9 GHz band of RF sighitom each antenna
is selected and down-converted to 1-5 GHz as necessary. Thecspéline down-converter
is used to select a single-sideband, 500 MHz band which is tunable ahgwe within the
1-5 GHz band. The selected 500 MHz band is further down-convedt it to an intermediate
frequency (IF) band of 500-1000 MHz. The 500 MHz IF band is satheg at 1 Gsps and the
data are written to disk. The full-resolution time-domain data are tken correlated o ine
using a software correlator (written in IDL) to produce amplitude ad phase spectra on
the three interferometric baselines. For daily solar observing, thgystem employs a time
resolution of 20 ms and a frequency resolution of.98 MHz.

The small size of the FST antennas precludes calibration of the FSTanst sidereal
radio sources. However, since the event was observed by botlTE®d OVSA in parallel, we
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can make use of the OVSA observations to cross-calibrate FST. GX is calibrated against
sidereal standards in order to determine the complex gain of eachtenna. However, OVSA
only samples the RF spectrum at 1.2 and 1.4 GHz. Moreover, the 1.2 @GEVSA data were
found to be corrupted and were therefore unusable. Therefothe FST 1.4 GHz data were
averaged in frequency and time to match the OVSA data. The calibted OVSA amplitudes
and phases of antenna baselines 5-6, 6-7, and 5-7 were then @meghto those measured by
FST, and the FST amplitudes and phases were corrected accordingAs 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 exanaition of broadband
continuum emissions that occupy the entire frequency band, wermude that the FST has
approximately linear bandpass patterns in phase with good stability itime on all three
baselines. We therefore applied linear ts as the bandpass correct to the phases.

3. Observations

The FST observed the powerful GOES class X1.5 are that occumeon 2006 Dec 14 in
NOAA/USAF active region 10930 at SO6W46, the site of a X3.4 are th previous day (see,
e.g.,[Su et al. 2007). The are on Dec 14 was accompanied by a fastch@ME and a solar
energetic particle event. Figurél3a shows the GOES SXR light curvihe are started at
21:07 UT, peaked at 22:15 UT, and ended at around 04:00 UT on Ded®n 15. The radio
time pro les at 1.415 GHz, 2.695 GHz, and 8.8 GHz obtained by the Rad®olar Telescope
Network (RSTN, operated by the U.S. Air Force) are shown in Figur&b d. Note the
di erence in scale between the intense 1.415 GHz emission and that2a695 and 8.8 GHz.

The two X-class ares on 2006 Dec 13 and 2006 Dec 14 were obskrve the X-ray
Telescope (XRT) (Golub et al. 2007) and the Solar Optical Telescog80T) (Tsuneta et al:
2008) aboardHinode (Kosugi et al. [2007). Most of the XRT images were taken with a
5120 5120 eld of view (FOV) and a cadence of 60 s. Vector photospheric magtograms
were obtained by the SOT SpectroPolarimeter (SP). The slit lengthral width of SOT/SP
are 164%nd 016" respectively. For each magnetogram with a 297 164°FOV, the slit
scanned from east to west for about one hour, with a resolution 6f297°°and 0:32¢°in
the east-west and north-south directions, respectively. The SOCa Il H band samples the
chromospheric structure at a very high spatial resolution (@ per pixel). Like H this band
is sensitive to plasma heating by precipitating electrons and/or themal conduction. The
images were taken with a 218  109°FOV with a cadence of 120 s. Figurgl4a and b give
the longitudinal magnetogram at the photospheric leveB,(0) observed from 22:00:05 to
23:03:16 UT, and an example of a Ca Il H image at 22:37:35 UT.
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Figure 3 shows the Ca Il H (Figure.bac) and XRT (Figure Bd f) images at times
prior to the are (a and d), during the are maximum (b and e), and during the decay phase
(c and f) at the time of the ZP. The core are region (marked as ragn \1" in Figure 4b)
is located between the two sunspots with opposite polarity. Accoirty to Su et al. (2007),
the are loops inside this region evolve from highly sheared in the prare phase into less
sheared in the post- are phase, based on the XRT observation&xcept for the are core
region, there are two other major bright regions in the Ca Il H image where the brightness
of soft X-ray loops is enhanced at the same time, as shown in the Xihages. One is located
about 50°to the west of the core region (region \2" in Figuré #b), and anothds located to
the north-west near the larger sunspot with negative polarity (rgion \3" in Figure 4b).

A more subtle Ca Il H brightening is observed at the time of the ZP (atbout 22:40
UT), indicated by a white arrow in Figure[5c). This brightening appeaged in Ca Il H images
at around 22:10 UT (near the are maximum) and persisted for moréhan an hour.

3.1. EST ZP Observations

The FST observed the 2006 Dec 14 are over a frequency rangelod 1.5 GHz. The
instrument observed both right- and left-circularly polarized radi&ion, switching between
the two polarizations every 4 s. A spectrum of 511 channels acrabs 500 MHz bandwidth
was produced every 20 ms. The 2006 Dec 14 are produced a high level of type IV burst
activity in the post- are phase for more than one hour. A rich varigy of ne structures was
observed in the 1.0 1.5 GHz band, including ZP, ber bursts, pulsations, and others. Té
time of the ZP event is marked by the vertical line in FiguréI3b, at abau22:40 UT, during
the decay phase.

3.1.1. Total Power Dynamic Spectrum

Figure [Ba shows a dynamic spectrum of roughly 1 s of total powertdanear 22:40:07
UT. A striking ZP radio burst is present. The data are right-circulaty polarized (RCP); the
left-circularly polarized (LCP) observations made just prior to thee presented here showed
no ZP emission. We conclude that the ZP burst is highly right-circularlypolarized. A
precise measure of the degree of polarization is not possible, havebecause the noise in
the LCP observations is dominated by polarization leakage from the@®P channel. The ZP
burst shows as many as 12 distinct bands or stripes superposedaotype IV-like continuum
background centered oif i  1:32 GHz and with a frequency bandwidth f; of up to 150
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MHz, or f=hfei & 10%. All of the zebra stripes drift in frequency together irreguldy
with time. Figure [Bc shows a histogram of the drift rates of the zehrstripes in the dashed
box marked in Figure[6a. An average drift rate of about 50 MHz s ! is indicated by the
vertical line. The overall trend is to drift from higher to lower freqiencies. The drift rates
of the zebra stripes are mainly between 100 MHz s to 100 MHz s !, comparable to,
but generally slower than, those of the so-called \ ber burst" in tle same frequency range
(Elgar y/1982).

The frequency pro le of the ZP emission (averaged in the time dered by the small

solid box in Figure[®a) is shown in Figurél6b. The contrast of each stegs de ned by (I o,
lotf )=lotf (Wherelo, and o are the intensities \on" and \o " a zebra stripe, respectively)
and is shown in Figuré 6d. The relative frequency separations be®veadjacent zebra stripes

fs=f. in the dashed box of Figurél6a are shown in Figurell3a as diamonds.eYlare color-
coded in time from blue to red. One can clearly see thatfs=f,, increases with frequency.
This phenomenon is commonly seen in zebra patterns reported byhet authors in both the
meter and decimeter wavelength range (e.g. Chermnov 2005; Charret all [2005).

3.1.2. Apparent ZP Source Size

With only three antenna baselines it is not possible to image the ZP sa&. However,
we are able to constrain the source size using the visibility amplitudes a function of
antenna baseline. We assume that we can characterize the sourdghtness distribution as a
symmetrical Gaussian. The visibility function is then likewise a Gaussiaand a simple model,
characterized by a single spatial scale, can be t to the normalizedsibility amplitudes as
a function of spatial frequency. We have t the source at frequeeies \on" the bright zebra
stripes (hereafter \on-stripe source") and at frequencies \d' the zebra stripes; that is, in
between the zebra stripes (hereafter \o -stripe source"). Ass shown in Figure¥a, a simple
Gaussian model adequately ts both the on- and o -stripe source The visibility amplitudes
of the three baselines have been normalized by the total power msaeed by each antenna.
Figure [4b shows the corresponding Gaussian FWHMs of the on- andstripe sources in
the spatial domain for the six zebra stripes in Figurél6a. They bothave values near 5§
but the sizes of the o -stripe sources are systematically larger @im those of the on-stripe
sources by 109 except for the stripes at lower frequencies where the contraistlow (see
Figure[8d), a point to which we return inx3.1.3.

The uncertainty of the source size estimation depends on the acacy of normalized
amplitude measurements. Within the context of the model a di erece of 20% in the inferred
FWHM of the on- and o -stripe sources implies that the normalized amlitude of the o -
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stripe source on the longest antenna baseline (antennas 6-7) isdothan that of the on-stripe
source by& 10%. The normalized amplitude measurements used in our tting arevaeraged
values along each zebra stripe. Therefore, the systematic esaran be represented by the
statistical standard deviation of the mean of the sample, which anmespectively. 1% and

2% for the on- and o -stripe sources. We therefore regard ermas large as 10% as
unlikely and conclude that the on-stripe source is marginally more cgract than the o -
stripe source. Qualitatively similar results were obtained by Chernogt al. (1994) using
one-dimensional NRH observations at a much lower frequency of41BIHz.

Note that both sources are likely strongly a ected by scatteringBastian (1994) showed
that scattering by the overlying inhomogeneous corona can play anportant role in modify-
ing the angular structure of the emission source at wavelengths tger than a few centimeters.
The estimated source sizes of 50P°are consistent with angular scattering and the intrinsic
source sizes could be signi cantly smaller. Given an apparent soursige of 58° the lower
limit of the brightness temperature of ZP source can be estimated be 10° K.

3.1.3. Relative Locations of the ZP and Continuum Sources

We now ask whether the on- and o -stripe emissions originate fromvb di erent source
locations. If they are indeed separated from each other spatiallgow are they related to
each other? Second, how do the source locations vary with time? &lly, do the on- and
o0 -stripe source locations have any signi cant dependence on freency? In other words,
does the radiation at di erent frequencies come from di erent sgéal locations or not?

In interferometry, the interferometric phase is a direct respomesto the spatial information
of the radiation source. We rst consider the \dynamic phase sp&am” of the ZP emission
for the three baselines to gain a qualitative impression (Figufé 8). Fbaselines 5-6 and 6-7,
zebra stripes can be distinguished as darker colors compared witie toackground continuum.
This means that the on- and o -stripe phases are measurably di ent. In addition, the
phase di erence seems larger in the upper-left region (higher fregncies and earlier times)
than later in the event. For baseline 7-5, however, no phase di arees are evident between
on-stripe and o -stripe emissions.

In order to characterize on- and o -stripe phases quantitativelywe employ \phasor
diagrams". In a phasor diagram, the amplitude and phase of each aseirement are displayed
in a polar plot. We have made phase measurements for both the omdao -stripe emissions
of the spectral fragment indicated by the dashed box in Figuig 6ahich includes six zebra
stripes in an interval of 0.48 s with 24 consecutive observations ¢m 22:40:06.86 UT to
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22:40:07.34 UT). The rms phase noise of a single data point (duratio ghs and bandwidth
roughly 1 MHz), is about 5 degrees, too large for tracking the phawariations in time and
frequency among individual measurements. To increase the sigh@noise ratio we averaged
the data as follows. First, we obtained the on- and o -stripe phaseby averaging the three
frequencies about the ux maximum/minimum at each time. Second, &considered averages
of the phases \along" the on- and o -stripe positions (in time) and &across" the six on-
and o -stripe positions (in frequency). By averaging along the zeh stripes, we constrain
the phase variations of the on- and o -stripe sources as a funatioof frequency, so that
the spatial distribution of the ZP source over frequency can bewealed. Implicit in this
treatment is the assumption that the ZP source is likely to maintain tle same structure as
a function of frequency during the brief averaging time. Similarly, byveraging the on- and
o -stripe phases in frequency, we track the phase variation of hZP source with time, so
that the evolution of the source centroid location with time can be &®, considering that
di erent stripes of the ZP show the same drift motion according to hle dynamic spectra.
This approach allowed us to reduce the statistical phase error byfactor of several, and
to show systematic variations in the on- and o -stripe phases in thphasor diagrams with
increased signal-to-noise ratio.

Figure[@ shows the results for the on-stripe (pluses) and o -strg (triangles) emission
after averaging across the six zebra stripes. The pluses and triges are colored from dark
blue to red to indicate the variation of amplitudes and phases in time. fie dashed lines in
each panel represent increments of 3n 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 o -stripe phases, while the o -
stripe phases show no evident drift. No signi cant phase drift is sedor baseline 7-5, thus the
direction of the spatial drift is nearly along the 7-5 interferometridringe, which is NE-SW at
the time of observation. By applying the fringe spacings (which arespectively 27% 1769
and 439°for baselines 5-6, 6-7 and 7-5 at the time of observation) and oriations of the
three FST baselines (see Figuté 4b), this amount of phase drift in tercan 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 1 cms ! ( 0:1c). The estimated spatial error is based on the
rms error of the FST phase measurements 6 ), the total number of data points averaged,
and triangulation of the three fringes. The fringe orientations oftte three baselines yield
the error to be orientationally dependent, which is larger in the NEA® direction than the
SE-NW direction.

In addition, there is an evident di erence in mean phase of about @etween the on-
and o -stripe emissions for baseline 5-6 and 6-7, shown by the an® in Figure[9. That
means the on- and o -stripe emission are separated in space by armge of 8 0:9%in the
NE-SW direction.
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In the two bottom panels of Figure™® the ZP phases shown in the tdpft and top-middle
panels (baselines 5-6 and 6-7) are plotted as a function of time. Thelid line, repeated in
each panel, represents the ZP frequency as a function of time {@dhat the frequency scale
on the right axis is reversed - with frequency decreasing from higb tow values). Although
the variations in time are irregular, there is a rather good correlatio between the phase
and the frequency; stated another way, there is a good corralat between the ZP source
centroid position and the mean ZP frequency.

Figure [10 shows similar phasor diagrams. Here, however, the date averaged along
the zebra stripes, instead of across the zebra stripes as abaeg the amplitude and phase
variations are shown as a function of frequency. The data are colmded from black to
red for stripes with decreasing frequencies. The pluses and tridegydenote the on- and o -
stripes sources, respectively. The amplitudes of the o -stripe gice barely change, but those
of the on-stripe source drop with decreasing frequency. Theressll little change in phase
for baseline 7-5, but both the on- and o -stripe phases shift by geral degrees monotonically
across the six stripes. The shifts of on-stripe phases seem to bgh#ly larger than those of
the o -stripe phases. Therefore, it appears that the source o&oid positions of both the on-
and o -stripe sources show a systematic displacement with frequey, which is respectively
146 2:8%and 83 2:8%across the six zebra stripes from NE to SW.

The spatial di erence between the on-stripe and o -stripe emissits demonstrates that
there are indeed two spatially separated sources that contribute the event, namely, the
zebra-stripe emission and the background continuum source. Thi®o, has been noted in
previous examples of ZP events using one-dimensional NRH obs#orss at much lower
frequencies [(Chernov 2006, and references therein). Care trioe taken in further inter-
pretation of the phasor diagrams. The o -stripe emission is dominat by the continuum
source. However, the on-stripe emission has contributions fronoth the continuum and ZP
sources. Therefore, a change of relative intensities of the zelarad continuum sources can
result in an apparent position shift of the emission centroid measutet on-stripe frequen-
cies. The phase drift of the on-stripe emission in time (Figuiig 9) is nat question in this
respect because the amplitudes barely change in time along a givenps. However, there
is an obvious change of on-stripe amplitude with frequency at a givéime - the amplitude
decreases from high to low frequencies and the phase tends talde value of the o -stripe
emission (FigureID), which could be caused by the intensity modulatiatself. In order
to correct for this e ect, we vector-subtract the complex ampliides of the o -stripe source
from those of the on-stripe source in the phasor diagram, and pltte actual phases of the
zebra source as \X" symbols in the rst and second panels of the tiom row in Figure
[10. After the correction, the ZP phases of the baseline 5-6 and76still show monotonic
displacements as a function of frequency, but now they becomergmarable to those of the
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continuum (o -stripe) phases. Again converting to angular displaements, the corrected ZP
source centroid has a displacement of 8 2:8%across the six zebra stripes with a direction
from NE to SW, which is smaller than the value we obtained previously fdhe on-stripe
source (146 2:8% but comparable to that of the continuum (o -stripe) source (83 2:8%.

The variation in the on-stripe source sizes seen in Figuré 7b can alse éxplained by
the variation of intensity contrast. The o -stripe source sizes & nearly una ected by the
contrast variation because the continuum source continuously dunates the emission at
o -stripe frequencies. But since the on-stripe emission is a mixturaf zebra and continuum
emission, the variation in contrast plays an important role. At high cotrasts (e.g.,P > 1.5
at the Nos. 1 4 stripes), the zebra source dominates the on-stripe emissiondahe source
size measurements primarily re ect the property of the zebra sote. 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 te ect the property of the
continuum source. Therefore, the on-stripe source sizes stéotincrease at lower-frequency
zebra stripes with decreasing intensity contrasts, and reach tisize of the o -stripe source,
as shown in Figure[Irb. If we do the vector subtraction on the ontgbe source as above,
the corrected relative intensities of zebra source can be obtaindtence their sizes can be
tted accordingly and plotted in Figure [7b as \X" symbols. An up to 20°°di erence between
the zebra and continuum (o -stripe) source sizes can be seenafthe correction (note the
tted value of the lowest frequency stripe is unreliable, because itglative intensities have
large errors that comes from the subtraction of two sources witomparable intensities). We
suggest that the size di erence is real and indicates the zebra soe is yet more compact
(35 40 than the source size deduced ir3.1.2 (45 50 and the lower limit to the ZP
brightness temperature should therefore be increased by60% to 16 10° K.

3.1.4. Absolute ZP Source Location

Once calibration of the FST was achieved, as described ¥, we could locate the
absolute source positions by using the three interferometric frieg corresponding to the
three antenna baselines to triangulate. The averaged location (imte and frequency) of the
ZP source from 22:40:06.86 to 22:40:07.34 UT on the solar disk is showikigure [4 as the
intersection of the three fringes, with a dashed circle represemgirthe apparent source size
of 50° The error of the source location is between P%nd 3.9°depending on direction.
The ZP source is located 100°to the west of the main aring emission. For comparison,
the OVSA 4.6 6.2 GHz map at the same time is over-plotted as contours (the levelave
an increment of 10% of the maximum), showing that the higher-fregncy emission is well-
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correlated with the three Ca Il H bright regions (Figurel#b). The 4.6 6.2 GHz source is
far less intense than the ZP emission (cf. Figufé 3) and is due to in@bknt, non-thermal
gyrosynchrotron emission.

The variation of relative source centroid locations in time and frequey, as was discussed
in x3.1.3, can be now seen from the change of absolute locations on tbkrsdisk. The
variation of source location along the zebra stripes { that is, from2240:06.86 to 22:40:07.34
UT { is shown in Figure[1la. The pluses denote the on-stripe sourcecétions, with the
connecting arrow representing the projected spatial drift of 16°°from NE to SW in 0.48 s.
The error bar in the lower-left corner gives the estimated error @fie on-stripe location. The
0 -stripe continuum source location is denoted by a single triangle loause it does not display
a signi cant drift in time, with the error bar plotted in the lower-right corner. Figure[1lb
shows the source locations as a function of frequency across slra stripes. The on- and
0 -stripe source locations from stripes numbered 1 to 6 (decraag in frequency) in Figure 6
are marked by the pluses and triangles. The \X" symbols show the tual" locations of the
zebra source after removing the e ect of relative intensity variabns. The error is denoted
by the error bar in the lower-left corner. The connecting arrowshew the variation of the
source locations with decreasing frequency. We can see that as thequency decreases, the
zebra and continuum (o -stripe) source locations both shift fronNE to SW by about 8 9%
and they are separated from each other by 11%

3.2. Magnetic eld con guration

We are interested in constraining the location of the ZP source withithe 3D mag-
netic eld con guration. We performed a nonlinear force-free eld(NLFFF) extrapolation
based on the photospheric vector magnetogram obtained by th@ettroPolarimeter (SP)
of the Solar Optical Telescope on boar#linode. The SOT/SP measures Stokes pro les of
two magnetically sensitive Fe lines at 630.15 and 630.25 nm. We startedm the SOT/SP
level 2 data that are inverted using the \MERLIN" inversion code fom the polarization
spectra. The 180 azimuthal ambiguity in the transverse magnetogram was resolveding
the \minimum energy" method (Metcalf et al!|2006). The observed actor magnetogram in
the image plane (in heliocentric coordinates) was then transformed heliographic Carte-
sian coordinates. Because the photospheric magnetic eld is notaessarily force-free, an
assumption inherent to NLFFF extrapolation as a boundary conditin, and since the mea-
surements contain inconsistencies and noise, the measured pBpteric magnetic eld was
preprocessed to mitigate these e ects. Here we used the pregeesing method developed
by Wiegelmann et al. (2006). Finally, we performed the NLFFF extraplation using the
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resulting magnetogram in the heliographic Cartesian coordinatesing the weighted opti-
mization method (Wiegelmann 2004), which is an implementation of theriginal method of
Wheatland et al. (2000). Best results for a NLFFF extrapolation a& achieved when positive
and negative magnetic ux are balanced; the FOV we selected to germ the extrapola-
tion is therefore 244° 1639 centered on the active region. The extrapolation was then
calculated on a 240 160 160 grid with a resolution of 102°in the x-, y- and z-directions
(corresponding to the directions of west, north and normal to th tangent plane centered on
the active region).

In Figure 4, we have already seen that the location of the ZP sourig nearly 108°
away from the active region center in the image plane. Since the adivegion is at SO6W46,
the ZP source is apparently located relatively high in the solar coronabove the active
region. The projected ZP source location is known but the locatiodang the line of sight is
unknown. We obtained a series of possible 3D locations of the radiugm®, consistent with
its projected location, and plot them in Figureé_IR. The zebra and céinuum source locations
(averaged in time and frequency) are marked as \X" symbols andiéngles respectively, and
color-coded in magnetic eld strength (from light to dark blue, the nagnetic eld changes
from 90 Gto 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 gnatic eld strength
decreases, and they move to a position more nearly over the largenspot with negative
polarity. A group of extrapolated eld lines in blue colors is drawn passg these possible
source locations, showing a post- are loop system that is connedtwith the large sunspot
with negative polarity. The polarity of these eld lines suggest that sice the ZP is RCP,
it is polarized in the sense of the ordinary mode. We note, too, that @a Il H brightening
pointed out at the beginning ofx3 (in Figure [Sc) is near the footpoints of the post- are
loops in which the ZP source may be located. These eld lines have oti@tions from NE to
SW, and extend to large coronal heights. For completeness, weocahow the extrapolated
eld lines of the three major Ca Il H bright regions (see Figurél4b), hich are grouped and
colored in red and green to represent increasing coronal heights.

4. Discussion

The key ndings of the previous section may be summarized as follaws

An intense X1.5 are was observed on 2006 Dec 14. The are was aoganied by
intense, prolonged, and variable decimeter wavelength emission asllvas gyrosyn-
chrotron emission at centimeter wavelengths. A striking ZP radio bst was observed
during the decay phase, centered near 1.32 GHz, with an overakduency bandwidth
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of up to 150 MHz. It is completely right-circularly polarized and consts of up to 12
zebra stripes superposed on broadband continuum emission. Thepes drift in the
spectrum irregularly as an entity with an average drift rate of 50 MHz s . The
relative frequency separations fs=f,, between adjacent stripes are 1:3%, with fg
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 iand 359 which
is systematically smaller than that of the continuum source by as mhcas 289 after
the correction for the relative intensity e ect. The source size oboth the ZP and
continuum sources are likely strongly a ected by scattering. The \ger limit of the
brightness temperature of ZP is estimated to be:a 1 K.

The zebra source centroid drifts irregularly in time with an averageridt of  16%in
0.48 s from NE to SW (corresponding to a projected average velgcivof 25  1¢°
cm s 1), while the continuum locations show no evident drift with time.

Both the ZP on-stripe and o -stripe source locations are frequey dependent. After
correction of the source centroid positions for relative intensityariations, 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 xedime.

The zebra and continuum sources are possibly located in a post-aaloop system with
an orientation from NE to SW, which connects to the large sunspotithh negative po-
larity. The polarity of the magnetic eld and the observed sense ofircular polarization
of the ZP imply that it is o-mode.

Of these ndings, perhaps the most signi cant are that the ZP (orstripe) and continuum

(o -stripe) emissions show an angular separation as well as a di eree in source size; and
that the ZP and continuum source locations are frequency depesrdt. In other words, the
radiation at di erent frequencies originates from di erent spatiallocations. We are able to
conclude that the ZP and continuum sources are not spatially coin@dt and that both the
ZP and continuum sources are spatially extended.

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

suggests that the previous measurements of ZP spatial drift in tienbased on interferometric
observations at a single frequency may be misleading. Since the ZPwh frequency drifts
with time as an entity, a record of the ux density with time at a single fequency cuts
through di erent zebra stripes as well as the o -stripe continuumsource. Apparent spatial
shifts can appear as a result of the switch between di erent sows with di erent locations.
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We note that|Altyntsev et al. (2005) reported a microwave zebraattern structure near 5.7
GHz that was observed on 2003 January 05 by the SBRS and the SSRhe apparent
source size, measured at a frequency far less in uenced by sedttg, was measured to be
< 10 The source positions of two successive ZP stripes coincide spatiafiythe east-west
direction. For these reasons, the authors concluded that the &sion is due to the nonlinear
coupling of Bernstein waves in an unresolved source. Yet in Altyntget al. (2005) the
spatial coincidence of the two ZP stripes was based on measuretaen one dimension at
a xed frequency at di erent times. It is possible that the ZP soure location drifting with
time can result in the apparent \coincidence" of the two stripes. Mover, even if the two
stripes do coincide spatially in the east-west direction, there couldekan unknown separation
in the north-south direction that is not revealed by the one-dimensnal measurements.

In the case of the 14 December 2006 ZP event reported here, anccontrast to the
observations of Altyntsev et al. (2005), there is clear evidence ahthe source location is
frequency-dependent. Taken together with the theoretical diculties raised by various au-
thors (e.g. Zlotnik 2009), we conclude that Bernstein models are likely 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 ZRoarce along the zebra
stripes (25 10° cm s ! in the NE to SW direction) is about 40 times larger than the
local Alfien velocity of 700 km s? calculated asVy = B=(4 nim;)¥2 2 10"Bne*?,
where B is the magnetic strength in the radio source, assumed here to be50 G, and
ns - = f=(e?=m¢ )% £=9000 if one assumes the ZP emission at frequerfcys near the
local plasma frequency. This velocity is too high for most physical mements of the radio
source reacting to the magnetic eld variation. But it could be explaied in terms of the
whistler model by propagation of low-frequency whistler wave pagts with group velocities
(vgr) given by (Chernovi 1976)

s
Vgr = ZCfﬁ f—W(l f—W)3 2)
fpe fce fce
in the quasi-longitudinal case, wherec is the speed of light andf,, is the whistler wave
frequency. Forf,=f.c 0:25, the ratio at which the growth of the whistler wave is preferred
in the decimetric range (Chernav 2006), the group velocities canah the observed value of
25 10 cm s ! for fpe=fce . 10 (see Fig. 2 of Chernov 1976).

Is the whistler model able to explain the spatial drift of the ZP soure in frequency and
time simultaneously? In the whistler model, periodically generated whier wave packets
propagate along a trajectory in the magnetic trap at the whistler wpup velocity vy,. They
separate regularly from each other in space so that they can emit discrete frequencies,
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thereby producing zebra stripes. The frequency drift of each la& stripe in the spectrum
is determined by the motion of the corresponding whistler wave paskalong its trajectory,
the density gradient along its trajectory, and wave-wave interaons. We suppose the ob-
served spatial drift with time corresponds tovy,. If the coronal number density decreases
exponentially with height

Ne = Nee Mtn; (3)

where ng is the plasma density at the reference heighty, h is the height from hy and
L, = dh dne=nc) is the plasma density scale height, then the plasma frequenty. can
be written as

The radiation is near the plasma frequency, so the frequency drifate is

of _ Vh

at- o, )
wherev, is the vertical component of the whistler group velocity (normal tahe solar surface).
Given the observed average frequency drift ratd=dt 50 MHz s ! and the projected

velocity of vpr = 2:5 10° cm s ! (which, given its nearly N-S orientation, is nearly
parallel to the solar surface), the tangent angle of the trajectg is then tan 1 = Vy=Vpo =
3 10 YL,. On the other hand, we observe the projected spatial displacemidrom zebra
stripes Nos. 16 to be I, ¢ = 8:5% or 6:22 10° cm, and their frequencies dier by

f1 6 85 MHz. It's easy to see from Eq.[14 that the height di erence betven zebra
stripes Nos. 1 6 h; ¢ f, g=f 2L, for small variations off and L,. Therefore, we
have another estimate of the tangent angle of the whistler wave gt trajectory tan , =

hi 6= 11 & 2 10 °L,, which is an order of magnitude larger than tan, that we
obtained based on the assumption that the observed source dnfith time corresponded
to the whistler group velocity vy,. In other words, the trajectory of whistler wave packets
cannot be reconciled with both the observed spatial displacement the ZP source with
frequency and the observed frequency drift with time.

It is also worth noting that the whistler model does not account foithe systematic
increase of the relative spacing f=f,, with increasing ZP frequencies as seen in Figure
[13a, because the spatial separation between adjacent whistleawe packets is assumed to be
result from the periodic injection of whistler wave packets and theiirequency separation is
therefore essentially constant.

We now consider whether the DPR model is consistent with the obsed features of
the ZP and continuum source, including both the total power sperl features and their
apparent shift in spatial location as a function of time and frequenyc As the ZP and
continuum sources emit near the local upper hybrid frequendy,y which, with fee g,
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is near the local electron plasma frequendy,, lower frequency emission should come from
greater coronal heights for both the ZP and continuum source#s a result, a spatial shift
with frequency is expected for both the ZP and continuum sourcem accordance with the
observations. Furthermore, The NE-SW direction of the spatial rift is generally consistent
with the NE-SW orientation of the post- are loop system in which theemission sources are
located. However, the absolute height of the emission source is nyet known. The ZP
stripes are those locations wherbyy  fe = sfee in the DPR model. We again assume an
exponential dependence of coronal number density as in Eq. 3, lwa scale heightL,. The
coronal magnetic eld is likewise assumed to decrease exponentiallighaheight:

B =Boe "°; (6)

where By is the magnetic eld at hg and Ly is the magnetic eld scale height. The electron
cyclotron frequencyf./ B and so

fee = feeo® h=ls (7)

It can be shown that the relative frequency spacing between thaljacent zebra stripes in
the DPR model is then given by |(Kuznetsov & Tsap 2007)

fs 1 1

fo s1 (2L.=Lg)’

(8)

wheres is the harmonic number withf = sf.. 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 Figuréba), we assume that each stripe correspotala single integer harmonic
s of the electron cyclotron frequencyf ... Moreover, successive zebra stripes emitting at
discrete frequencies should have a one-to-one correspondemitie successive integer values
of s, i.e. g, So+1, ..., where sg is the reference harmonic number dty. Thus the frequency
spacing fs=f,, is a function of (so + i), 1=0, 1, 2 ... .

By using the observed values of f s=f,,, for each ZP frequency at a xed time, we obtain
a pair of best- t values ofsy and L,=Lg. In particular, for a given time, we start with a xed
So and perform a least-squares tto ndL,=Lg. Then we increment the value o, by integer
values until a minimum in the standard deviation of the tto f=f,, is reached. We did
such ts of f4=f,, as a function of &y + i) for the six zebra stripes for the 24 consecutive
integrations shown by the dashed box in Figurg] 6a. Figuifie113a shoesamples of these
ts at ve near-equally spaced times spanning the entire tting timerange (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),nelsguare symbols
and solid lines represent respectively the measured and best- tluas, and are color-coded
in time from blue to red. From the distribution of best-t values of sy, after excluding a
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few outliers, we conclude thas, = 8 is the most probable value, with a scatter of 5, 1:4.
Therefore we assign harmonic numbers ef= 8;9;10;,11;12, 13 to the six successive zebra
stripes numbered from 1 to 6 in Figurél6éa, with a corresponding,=Lg  4:4 0:5. Note that

a stripe with lower frequency corresponds to a higher harmonic ni@r, which is consistent
with the previous results based on DPR models (e.g. Zlotnik et ial. 20(Buznetsov & Tsap
2007). Such a ratio of the scale heights means the magnetic eld dggs faster than the
plasma density with height, which is usually the case in the solar coron@he magnetic eld
strengths B from stripes 1 to 6 (from low to high in height) can be estimated to badm 62
G to 35 G, by using the harmonic values and assumingf ' fo.' sfc. The uncertainty
in B can be estimated from the scatter in the distribution ofs,. We nd that it ranges
from 17% atsy = 8 to 11% for s = so+5 = 13. Using the magnetic elds derived from the
NLFFF extrapolation results in X3.2 for guidance, we suggest the zebra stripes 1 to 6 of the
ZP source are consistent with a location in the the post- are loop syem at coronal heights
from 57 to 75 Mm above the photosphere. The magnetic scale heighg can be estimated
to belLg = dh dB=B) 3:2 1 cm. On the other hand, an estimation of the density
scale heightL, is also available byL, = dh= 2d=f) 1:4 10 cm, from the known
frequencies of the zebra stripes (an equivalent result bf, can be obtained by usind-g and
the tted value of L,=Lg  4:4).

DPR levels are formed as a result of plasma density and magnetic elénations in
height, as demonstrated by Figuré _13b. By applying the values a&f,, Lg, and s, the
dependencies off .. and f ,c as a function of h are given for the time denoted as the solid
box in Figure[Ba. The reference height, is set to be that of the lowest DPR level (the No.
1 stripe with so = 8). The intersections of the curvessf( 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 horizniines). In this event, the
zebra stripes drift irregularly and rapidly in the dynamic spectrum, idicating that the DPR
levels do not remain at precisely the same height in the are loop - thas, hy varies by a
few percent ofL,, or a few thousand kilometers - which also accounts for the scattend
temporal variation seen in Figuré_Ii3a.

In the whistler model, formation of the regularly spaced stripes of Zin frequency
is based on propagation of the periodically generated whistler wavagkets along a given
trajectory - that is, the trajectory of each whistler wave packedetermines the spatial drift
of each zebra stripe in time (with tangent angle tan,), should follow the same orientation
of the spatial extent of the entire ZP source, represented by ¢hspatial displacement of
zebra stripes at di erent frequencies (with tangent angle tan,), i.e. tan ; tan ,. We
have already demonstrated that they can not be reconciled in theoutext of the whistler
model. For the DPR model the two \trajectories” need not coincide The DPR levels,
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corresponding to the observed zebra stripes, are distributed atpa coronal loop at locations
where the resonant conditions are matched. At the same time, thecations of each DPR
level can change with time in response to the variation of source ebtons. Therefore,

the \trajectory" of each DPR level is not required to follow the sare orientation of the

spatial distribution of the resonance layes in the loop. In fact, givethe density scale height
ofL, 14 10°cm, we have ; 23 and , 70. That means the DPR levels are
distributed near vertically in the coronal loop while their apparent maon is nearly horizontal

in time.

Both the ZP and continuum sources probably reside on the same poare/post-CME
loops that extend eld lines from in or near the large sunspot with negjive polarity to well
up into the corona with a NE to SW orientation. The radio emission coulthe powered by an
energy release site high up in the corona above the radio source.isT$ite could be related to
magnetic reconnections induced by the fast halo CME associated lwihis are, which may
also account for the intense and prolonged type IV burst activity irthe post- are phase,
from 22:07-23:15 UT. As mentioned in3.2, the radio source may be magnetically associated
with the Ca Il H brightening feature that persists for the durationof the type IV emission.
The brightening may indicate the magnetic footpoints of the eld lineon which the ZP and
type IV emission originates.

In the DPR model, ZPs are thought to arise from energetic electrenin a magnetic
trap with a large gradient in electron momentum distribution functionperpendicular to the
magnetic eld @f=@p as might arise from a distribution function sharply peaked perpen-
dicular to the magnetic eld (e.g., a Dory-Guest-Harris, or ring, distibution), or a loss-
cone distribution with su ciently narrow momentum dispersion (e.g..\Winglee & Dulk|1986;
Kuznetsov & Tsapl2007; Zlotnik et ali 2009). At the same time, theantinuum emission can
also arise from an anisotropic electron distribution in the magnetic &p, most likely, a com-
mon loss-cone distribution (e.g. Kuznetsov & Tsap 2007; Zlotnik et.ea2009). Therefore, it
is plausible that the ZP and continuum observed by the FST is relatedtthe injection of fast
electrons that originate from the energy release site above thedra source, perhaps as the
result of magnetic reconnection behind the fast halo CME associdtgith the are. These
downward-propagating electrons establish the anisotropic distuibion that drives the zebra
and continuum emission. It is highly unlikely that the ambient electron nmber density or
the magnetic eld change signi cantly during the 1 s duration of the ZP event reported
here and therefore cannot be the reason for variations in the ZRe§uency drift with time.
More likely, variations in the number and/or degree of anisotropy othe injected electrons
lead to variations in the height where wave growth is favored and tHePR condition is met.
As a result, the heights of the established anisotropic distributionra/or the DPR levels
can be modulated, and form the irregular ZP frequency drift in the ghamic spectrum. The
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observed irregular drift of ZP source centroid in time can also be aibuted to this e ect.

As has been proposed by many authors (e.g. Winglee & Dulk 1986; Ketsov & Tsap
2007; Zlotnik et al.| 2009), the conditions required to produce a ZHgsature through the
DPR instability are more stringent than those for producing a continum, e.g., a low-
momentum electron de cit, a narrower momentum dispersion, a hign overall momentum,
etc. In addition, for achieving the observed large intensity contst of the ZP to the con-
tinuum in this event, the growth rate of the ZP emission should be suciently higher than
that of the continuum, which may require a higher non-equilibrium elémn density. All
the peculiarities mentioned above could possibly explain the obserwats of the relatively
short-lived and fast-varying ZP and the more persistent and stdd continuum in this event.

5. Conclusion

We present FST observations of a striking zebra pattern radio bst that occurred dur-
ing the 14 December 2006 X3.4 are. This is the rst observation ofebra pattern emission
that combines simultaneous high spectral and time resolution dataith interferometric ob-
servations over the entire bandwidth. After calibrating the FST aginst OVSA we can obtain
the absolute locations of radio ne structures on the solar disk, a@nstudy their spatial and
spectral features. We conclude that the DPR model is the mostvarable model since it can
t most spectral and spatial features of this ZP event.

The cartoon in Figure[I4 summarizes our interpretation of the ZP ewt within the
framework of DPR model: the zebra and continuum source are loeatat a height of 60 80
Mm in a post- are/post-CME loop system that connects the large snspot with negative
polarity with a NE to SW orientation. Both the zebra and continuum ae extended sources
occupying a total height range of 20 Mm in the post- are loops, which explains the
spatial drifts of ZP and continuum in frequency. Within the zebra sorce, individual stripes
correspond to emissions near the local plasma frequencies at theRDlevels. We suggest
that the fast electrons responsible for the continuum and ZP emiss originate in an energy
release site high up in the corona above the radio source, perhape tresult of magnetic
reconnections induced by the fast halo CME. The fast and irregulaspatial drift of the
ZP source centroid in time and the irregular frequency drift of ZP likg result from time
variations in properties of the fast electrons injected into the eldvell above the ZP source.
The continuum source is comparatively more extended in size, with iemission centroid
separated from that of the zebra source in the NESW direction. The continuum emission
requires less stringent conditions for the anisotropic distributionfdhe injected electrons and
can therefore have a di erent size and a di erent source centroitbcation. This may also
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explain why the continuum emission is comparatively more stable in timend frequency.
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OVSA+FST amplitude variation at 1.4 GHz OVSA+FST phase variation at 1.4 GHz
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Fig. 2.] Comparison of OVSA and FST amplitudes and phases (OVSA: pls; FST: solid
line). From top to bottom: baselines of antenna 5-6, 6-7, 7-5, @actively.



{27

Flux GOES12 3 sec

(@) GOES archive: Yohkoh
Cleaned
1.0-80A —

22:00 00:00 02:00 04:00
Start Time (14 Dec 06 20:00:00)

(b) RSTN 1.415 GHz

Flux density (SFU)
Il HHH‘ Il \HHH‘ Il \HHH‘ Ll

—_
o
W

\HHH‘ HHHH‘ HHHH‘ T T

22:20 22:40 23:00 23:20 23:40 00:00
Start Time (14-Dec-06 22:00:00)

)
o
=
S

2500
2000

1500
1000
500

(c) RSTN 2.695 GHz

Flux density (SFU)

22:20 22:40 23:00 23:20 23:40 00:00
Start Time (14-Dec-06 22:00:00)

o HH‘HH‘HH‘HH‘HH
o

22:

2500
2000

1500
1000
500

(d) RSTN 8.8 GHz

Flux density (SFU)
‘HH‘HH‘HH‘HH

O L
o
o

22:00 22:20 22:40 23:00 23:20 23:40 00:
Start Time (14-Dec-06 22:00:00)

Fig. 3.| GOES and RSTN time pro les of the 2006 December 14 are. Nde the di erence
in scale between the intense 1.415 GHz emission and that at 2.695 a8l BHz. The time
of the ZP event is marked by the vertical line in (b), at about 22:40 UTduring the decay
phase.
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Fig. 4.| Longitudinal photometric magnetogram B,(0) (a) and an example of a Ca Il H
image at 22:37:35 UT (b) by SOT. North is up and west is to the right. Th magnetogram
was observed from 22:00:05 to 23:03:16 for about one hour. The iiséetion of the three
interferometric fringes of FST denote the location of the ZP emissiocentroid (observed
around 22:40 UT), with a dashed circle representing the 5(P°apparent source size obtained
in X3.1.2. The error of the source location is between $%and 3.3°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 Il H bright regions seen in Figuie 5a-



{294

SOT 14-Dec-068 12:43:.37UT

-40

¥

-100

Y (arcsecs)

-120

140

600 850 700 750 &00 850 700 750
50T 14-Dec-06 22:02:32UT XBT 14-Dec-06 22:02:22UT

¥ (arcsecs)

600 650 . 700 780
XRT 14-Dec-06 22:40:42UT

Y (arcsecs)

500 650 700 750 600 550 700 750
X (arczecs) X (arcsecs)

Fig. 5.]| Hinode SOT Ca Il H and XRT observations of the 2004 Decembe14 are showing
the chromospheric and coronal evolution. The left column: Hinode&Cll H images at
19:43:37, 22:09:39, and 22:37:35 UT. The right column: Hinode XRT imagat 19:43:52,
22:09:29, and 22:40:42 UT. They correspond to the times prior to thare, during the are
maximum, and of the occurrence of ZP in the post- are phase. Thehite arrow in (c) shows
the subtle Ca Il H brightening that may be magnetically associated wlt 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 frequenciesraegked by numbers 1 to
6. (b): Frequency pro le of zebra-pattern structure, averagd in the time denoted by the
small solid box (between 22:40:07.18 UT and 22:40:07.26 UT). (c): Higtam of drift rates

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

loff )=loff at the six zebra stripes. Pluses,
stars, and triangles denote respective contrasts of baseline 567, and 7-5.

-50 MHz/s. (d): Intensity contrasts P = (o,
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Fig. 7.| (a): An example of Gaussian ts of the relative visibility amplitud es on one zebra
stripe. Pluses and triangles denote the on- and o -stripe sourcesspectively. The seven
data points for each t are the relative visibility amplitudes for the three FST baselines (both
positive and negative, plus one total power/zero-spacing amplited. A narrower Gaussian
in this visibility plot implies a spatially larger source. (b): Source size eshations on the six

zebra stripes in Figurd’ba. The \X" symbols denote the zebra sowcsizes after removing
the contribution from the continuum (o -stripe) source. The aveage value of the on- and
0 -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 zelrpes (darker colors) and
background continuum are evidently di erent, but there is no notale di erence for baseline
7-5.
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Fig. 9.] The rst row: phasor diagrams showing the visibility amplitude a nd phase varia-
tions of ZP for all the three baselines. The visibilities are averagedrass the zebra stripes,
showing the variations in time (colored from blue to red). The amplitud and phase for each
visibility data are represented by its absolute distance from the oriig and the direction,
respectively. Pluses and triangles denote the on- and o -stripe w@es. Arrows give the
average amplitudes and phases. The second row: the ZP phasebasklines 5-6 and 6-7 as
a function of time. The solid line, repeated in each panel, represeritee ZP frequency as a
function of time (note that the frequency scale on the right axis isaversed - with frequency
decreasing from high to low values).
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Fig. 10.] The rst row: phasor diagrams showing the visibility amplitude and phase vari-
ations of ZP for all the three baselines. The visibilities are averagetbag the zebra stripes,
showing the variations in frequency (colored from black to red fohe six stripes with de-
creasing frequency). Pluses and triangles denote the on- and siripe sources. Arrows give
the average amplitudes and phases. The second and third rows dive visibility amplitudes
and phases of the six stripes. In the rst and second panels of thH@rd 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 zelva stripes (with time).
The pluses denote the on-stripe source locations along the zebirgpges from 22:40:06.86 to
22:40:07.34 UT (marked in the dashed box in Figufé 6), and the arrol@wvs the position
drift. The error is represented by the error bar in the lower-left arner. The triangle denote
the o -stripe (continuum) source location, which shows no evidendrift, with the error bar
plotted in the lower-right corner. (b): the variation of source cemoid location across the six
zebra stripes (with frequency).The pluses, triangles, and the \XS8ymbol denote respectively
the on-stripe, o -stripe and corrected zebra source locationsoim stripe Nos. 1 to 6 in Figure
(decreasing in frequency). The arrows give their correspondipgsition 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 wh the NLFFF extrapo-
lation eld lines. The left image is the view from top, while the two imagesmthe right are
for side views from south and east (the x- and y-axis points at weahd north, and the z-axis
is perpendicular to the tangent plane centered at the active regipnThe \X" symbols and
triangles denote a series of possible 3D locations of continuum antrzesources consistent
with their projected locations (averaged in time and frequency) othe image plane. The
extrapolated eld lines in blue colors passing the possible radio soulogations are probably
the post- are loops in which the radio source is located. The colorsoim light to dark blue
denote the magnetic eld strengths from 90 to 30 Gauss at heightsom 40 to 80 Mm. The
magnetic con gurations of the three major Ca Il H bright regions gee Figure 4b) are also
shown by the extrapolated eld lines, which are grouped and coloreid red and green to
represent increasing coronal heights.
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Fig. 13.| (a): Fitting examples of  f¢=f,, as a function off , for the six zebra stripes in the
dashed box of Figure 6a (which has 24 consecutive measurementsme from 22:40:06.86 UT
to 22:40:07.34 UT). The square symbols and solid lines represent msjpvely the measured
and best- t values at ve near-equally spaced times spanning thentre tting time range
(22:40:06.86 UT, 22:40:06.96 UT, 22:40:07.04 UT, 22:40:07.16 UT, and @®4.26 UT).
They are color-coded in time from blue to red. The most probable thg values of the
hamonic numbers ares = 8;9;10; 11; 12, 13 for the six zebra stripes numbered from 1 to 6 in
Figure 6a, and the correspondind.,=Lg = 4:4. (b) Horizontal lines are the averaged peak
frequencies of the six zebra stripes in the solid box of Figure 6a (amal 22:40:07.21 UT).
The curves of gyroharmonicsf. 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 curvessf( h) and
the plasma frequency distributionf ,¢( h) are the DPR levels.
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Fig. 14.| A simpli ed source model: the zebra and continuum source ae located at a height
of 60 80 Mm in a post- are/post-CME loop system that connects the larg sunspot with
negative polarity with a NE to SW orientation. Both the zebra and cotinuum are extended
sources occupying a total height range of 20 Mm in the post- are loops. Within the
zebra source, individual stripes correspond to emissions near tloeal plasma frequencies
at the DPR levels (horizontal dashed lines, of which the lowest one rcesponds to the
So = fpe=fce = 8 layer). An energy release site is located high up in the corona atsov
the radio source. Electron beams generated from this site prozdg downwards along the
magnetic eld lines into the magnetic trap and give rise to the instabilityfor 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 electroa injected into the eld
well above the ZP source. The continuum source is comparatively reoextended in size,
with its emission centroid separated from that of the zebra sourde the NE SW direction.



	1 INTRODUCTION
	2 Instrumentation
	3 Observations
	3.1 FST ZP Observations
	3.1.1 Total Power Dynamic Spectrum
	3.1.2 Apparent ZP Source Size
	3.1.3 Relative Locations of the ZP and Continuum Sources
	3.1.4 Absolute ZP Source Location

	3.2 Magnetic field configuration

	4 Discussion

