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ABSTRACT

Context. Fast-varying hard X-ray spikes of subsecond time scales were discovered by space telescopes in the 70s and 80s, and are also
observed by th&®amaty High Energy Solar S pectroscopic Ima(RRHESSI). These events indicate that the flare energy release is
fragmented.

Aims. In this paper, we analyze hard X-ray spikes observed by RHESSI to understand their temporal, spectral, and spatial properties.
Methods. A recently developed demodulation code was applied to hard X-ray light curves in several energy bands observed by
RHESSI. Hard X-ray spikes were selected from the demodulated flare light curves. We measured the spike duration, the energy-
dependent time delay, and count spectral index of these spikes. We also located the hard X-ray source emitting these spikes from
RHESSI mapping that was coordinated with imaging observations in visible and UV wavelengths.

Results. We identify quickly varying structures of 1 s during the rise of hard X-rays in five flares. These hard X-ray spikes can

be observed at photon energies over 100 keV. They exhibit sharp rise and decay with a duration (FWHM) of less than 1 s. Energy-
dependent time lags are present in some spikes. It is seen that the spikes exhibit harder spectra than underlying components, typically
by 0.5 in the spectral index when they are fitted to power-law distributions.

RHESSI clean maps at 25-100 keV with an integration of 2 s centered on the peak of the spikes suggest that hard X-ray spikes are
primarily emitted by double foot-point sources in magnetic fields of opposite polarities. With the RHESSI mapping resokdign of

the hard X-ray spike maps do not exhibit detectabffedénce in the spatial structure from sources emitting underlying components.
Coordinated high-resolution imaging UV and infrared observations confirm that hard X-ray spikes are produced in magnetic structures
embedded in the same magnetic environment of the underlying components. The coordinated high-cadence TRACE UV observations
of one event possibly reveal new structures on spatial seale®’at the time of the spike superposed on the underlying component.

They are probably sources of hard X-ray spikes.
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1. Introduction white light (Neidig et al., 1993; Wang et al., 2000; Trottet et
al., 2000; Kurt et al., 2000). For example, Wang et al. (2000) ex-

ored high cadence imaging observations in the far blue wing

Solar flare emission on fine time scales of fewer than a few s@ﬁ- : X
onds were first reported in hard X-ray observations from 1ff Ho line and found 300-700 ms bursts at flare foot-point ker-

S-100 solar hard X-ray spectrometer aboard the ESRO TD-1&'S: Which are correlated with BATSE hard X-ray peaks. Qiu &
satellite over the period from 1972 March 12 to 1973 Octob ang (2006) furthermore compared the fine temporal and spa-
|§bstructures of flare emissions observed in hard X-rays and H

1 (van Beek, de Feiter, & de Jager, 1974, 1976; Hoyng, v | and. These observations confirm that flare energy release is
Beek & Brown, 1976; de Jager & de Jonger, 1978). Numero ed. and the hard Y kel dgy oo
short-lived hard X-ray spikes were found with the rise and d _agmenteh, an It e hard X-ray spikes are likely due to thick-
cay time as low as 1.2 s, approaching the time resolution of t get nonthermal emissions.
instrument. These are called “elementary bursts” (de Jager & de Discovery of flare bursts on very short time scales have led
Jonger, 1978). A few years later, fast-varying spikes with eveientists to consider that magnetic energy release primarily oc-
shorter time scales were discovered in microwave and hard etrs on small scales. The observed fast-varying spikes may re-
ray observations (Kiplinger et al., 1983, 1984, 1989; Kaufmarilect single magnetic reconnection @mdparticle acceleration

et al., 1980, 1984, 2001; Aschwanden et al., 1993, 1995, 19@¥ents (Sturrock, 1989; Parker, 1989; Bastian & Vlahos, 1997).
1998). Using observations by the hard X-ray burst spectromefdre bursts’ time scales may depend on the characteristic size
on theSolar Maximum MissioiSMM) at a time resolution of of the elementary flux tubes (e.g., Sturrock et al., 1984; LaRosa
128 ms and 10 ms, Kiplinger et al. (1983) identified 53 out & Moore, 1993) or the turbulent dynamics of the reconnecting
nearly 3000 flares to exhibit one or more fast spikes with duredrrent sheets (eg., Litvinenko, 1996). Specifically, spikes with
tions less than 1 s. Among these spikes, the shortest time scadgy short time scales reported in hard X-ray and microwave ob-
i.e., rise and decay time and spike FWHM duration, were sevesarvations will provide diagnostics of the acceleration of non-
tens of ms. In recent yeardferts to search for small-scale structhermal particles in flare environment. To unravel the physical
tures have also been made in high-cadence and high-resolutimechanisms that govern energy release and particle accelera-
imaging observations in optical wavelengths such asddd tion in these short-scale events requires quality observations that
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Table 1.Flares with hard X-ray spikes
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2. Observations and data analysis

The RHESSI imaging spectrometer is based on a set of nine Fé- 1. Demodulated RHESSI hard X-ray light curves (dark) in compar-
tating modulation collimators (RMCs). Their angular resolutiorf&2" With summed raw data counts (gray). The light curves are acquired
ranges logarithmically from 2.3 to 183 arcseconds. Each R 25—100 .keV. Top panel shows 2002 March 17 event that exhlbltgfast-
; . . ; rying spikes and bottom panel shows 2005 January 19 event without
con_S|sts of a high ,SpeCtral resomt'on, germanium detector Iocag‘;r'égificant fast-varying spikes. The scales of the demodulated (in units
behind a pair of widely separated grids. As the spacecraft rota¢%ounts per second per detector) and raw (in units of counts) light

(15 rpm), the grids transmit a rapidly time modulated fraction @lrves are indicated on the left and right y-axes, respectively.
the incident flux so that the imaging information is encoded in

the time profiles of the detected flux.

Since the telemetry includes the energy and arrival time obarse detectors, whereas longer time limits begin to violate the
each detected photon, in principle, the time resolution for ligithportant assumption that the modulation period be constant
curves is only limited by photon statistics; however, the rapidiguring the interval. For each time interval (0.125 s in this paper),
time-varying transmission of the grids imposes temporal arthe count rates in each detector for which the modulation period
facts of the observed count rates so that the raw count rates frisrtess than this interval is fitted with the sum of a sinusoid plus a
any given detector represent a convolution of solar variationenstant fset. After dividing by the average grid transmission
and the €ect of the rotating grids. The latter occurs on threfor that grid and time, theftset represents a modulation-free es-
time scales: rapid modulation (which encodes imaging informamate of the (pre-grid) incident count rate over a 0.125 s interval
tion) on a grid-dependent time scale from 4 to 500 ms; slowir this case. Corresponding estimates from all grids witffi-su
modulation with a period equal to the 4 s rotation period; andcéently rapid modulation are averaged to yield the best estimate
component with half of the rotation period. The last two termaf the incident count rates at that time. Additional minor correc-
are due to the variations in transmission of individual grids.  tions to compensate for residual calibration uncertainties are also

There are four known methods to suppress tfieces of applied. Itis important to note that the incident flux estimates for
modulation (demodulation). The first and most widely used @&ach time interval and for each energy interval are statistically
to just make light curves with 4 s time resolution and so avendependent. As we shall see, this helps with the evaluation of
age over all the modulation terms. A second approach is to stemporal features in the resulting demodulated light curves.
the light curves from individual detectors each of which mod- Figure 1 shows examples of high-cadence hard X-ray light
ulates with diferent frequencies or phases. This helps, but typurves of flares that are demodulated from the raw data with this
ically leaves residual artifacts of 20% rms. A third alternativeecently developed algorithm. A large number of fluctuations are
is an algorithm developed by Arzner (2002) that can estimatg@eesent in the raw data set, most of which are removed in the de-
smoothed light curve with higher time resolution, but since thmodulated light curves with real hard X-ray spikes standing out.
resulting data points are not statistically independent, quantitdewever, hard X-ray spikes are not found in all flares. Figure
tive evaluation of temporal features in the output can be proba shows an event with evident fast-varying structures, such as
lematic. the spike at 19:27:43 UT. While for the event in Figure 1b, no

The demodulation algorithm used here is based on the facitstanding fast-varying spikes can be recognized in the demod-
that for sources within a few arc-minutes of the (known) flarelated light curves. Kiplinger et al. (1988) found that about 20%
location, the instantaneous modulation period and average ¢8ilM bursts exhibit subsecond structures.
transmission for each RMC is both known and independent of Since analyzing RHESSI data is a time and disk-space con-
flare morphology. The algorithm may be used to recover tinsiming job and it is not our primary goal in this present paper to
structures with the user-chosen interval in the range of 0.66mpare statistics with previous studies, we have not analyzed
to 0.25 s. Shorter time limits systematically exclude additionahough events that are statistically significant. In this study, we
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Fig. 2. Demodulated RHESSI hard X-ray light curves at varying energies for the five flares. Then inset frame gives magnified view of son
pronounced spikes. Note that y-axis gives the units of the 25—100 keV light curve, and light curves at other energies are scaled arbitrarily.

analyze RHESSI observations of a few flares ranging from C- ¢ahibit fast-varying hard X-ray spikes, which are visible at pho-
X-class in GOES classification. Most of these events emit inon energies of 100 keV. The analysis results show that hard
pulsive hard X-rays with significant count rates 100 counts X-ray spikes are not necessarily present in all impulsive hard X-
s™! detector?) at 50-100 keV, making them viable candidatesay events. A more thorough statistical survey will be presented
for hosting hard X-ray spikes at high energies. Analysis of theseCheng et al. (2012, ; paper ll). In this paper, we only present,
events with the demodulation algorithm shows that five everds listed in Table |1, the five flares exhibiting hard X-ray spikes.
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Table 2. Properties of RHESSI hard X-ray elementary bursts

Spike Peak time Duration (FWHM; s) Spectral index Source info.
(at 25-100 keV) 25-100 keV ~ 100-300 keV spike underlying comp.  (at 25-100 keV)
S1 0317/02 19:27:43.6  0.680.15 0.91:0.42 3.040.40 3.56:0.19 double
S2 0317/02 19:28:03.2  0.540.01 0.13:0.05 3.220.25 4.880.48 double
S3 083002 13:27:57.7  0.740.09 0.430.11 2.85-0.39 3.480.35 single
S4 08§30/02 13:28:00.4  0.960.09 0.34:0.21 2.39:0.54 3.480.35 single
S5 102903 20:40:56.3  0.460.18 0.36:0.02 3.1a0.14 3.450.27 double
S6 102903 20:41:04.4  0.180.02 0.16:0.01 3.180.14 3.720.27 double
S7 031905 10:20:59.9  0.240.02 0.320.01 2.35%0.27 3.22:0.23 double
S8 0¥1905 10:21:00.8  0.640.06 0.29:0.01 2.780.22 3.22-0.23 double
S9 031905 10:21:09.3  0.4¥0.32 0.19:0.03 2.580.17 2.980.23 double
S10 0317/0509:43:24.4  0.980.45 0.99:0.23 2.2%0.67 2.2%0.67 triple

We analyzed the data during the rise phase of these events when
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events at varying energies from 25 to 300 keV during the ris& e

of the flare. The designated time bin is 0.125 s. These events &l L - - — 5 . - - . o
exhibit fast-varying structures on a time scale of 1 s or less nﬁ

most of the energy bins above 20 keV. Signals up to 100 keV aré s 6

significant and are likely real features. Some of these spikes are * "*"*° ﬂ 5 t+ rx Methodd
also visible in 100-300 keV, though less significant because of ; ,ﬂ \.@Jﬁ’rﬁwm—k L i

reduced counts level. The inset frames in Figure 2 give a close ' J ‘ Mo il o

look at the most pronounced spikes picked out by a combination .
Of V|Sua| |nSpeCt|0n and aUtomatlc SeIeCtlon algorlthms 0 secondszf?om 2005 jaonuarng:els:oo ut 8 0 secondszfgom 2005 jﬁnuaryﬂggmzoo ut &
We identify fast varying structures by subtracting a slow-
Vary|ng Componen“e) from the demodulated ||ght Curves)( Flg 3. Example of Splke detection algOI‘Ithm US|ng 3 methods (See teXt)
leaving the residual signals &s= | - I. The slow-varying com- for the 2005 January 19 event. Left panels show the demodulated light
ponent s is obtained with three ierent methods. Firsts can be Curves (dark) at 60-100 keV, the slow-varying component (gray) de-
derivedsés the running mean of the light CurVSe.condlS ‘s ob termined by 3 methods, and the residuals (bottom of each panel), with
s -

. . . . : the significant residuals marked (plus symbols). Right panels show the
tained by applying a low-pass filter toThird, Is at timet can be  {je5'(x-axis) and energies (y-axis) of significant residuals recognized

derived as an integration of emission components befarich  py the algorithms. The numbers 1 to 7 along the y-axis indicate energy
decay exponentially,thu = = *I;"*ex(—kAt/7), wheret is  bands of 10-15, 15-25, 25-40, 40-60, 60—100, 100-300, 25-100 keV,
the burst decay time scale. The time scale of a running-meanespectively. The two arrows in the top right panel indicate the most
low-pass filter used in this study is 4 to 8 s. The exponential dgronounced spikes standing out in the diagrams.

cay time scale in the third method strongly depends on properties

of bursts and the duration of analysis, which can be adjusted to

achieve a reasonable fit to the data.

Derivation ofls andl, and selection of hard X-ray spikes byare defined as residuals over.2 Abiding by this principle, sev-
these algorithms is illustrated in Figure 3 using the 2005 Janu&f@! spikes can be recognized at the times of around 24 s (S10),
17 event as an example. The left hand panels in the figure sh3Ws, and marginally at 43 s and 48 s as well.
the demodulated light curve at 60-100 keV, superposed on the We applied the spike recognition algorithms to demodulated
slow components derived with the three methods. The residlight curves of the selected events and generated diagrams as
ualsl, are also plotted at the bottom of each panel. Significashown in Figure 3. Hard X-ray spikes were picked out by vi-
residuals over @ level are marked in the plots. The right handually inspecting these diagrams. In general, we empirically re-
panels illustrate the times (x-axis) and energy bands (y-axis: spered that a spike should span at least three consecutive time
figure caption) of significant residuals. We decide that only sitpins in at least three energy channels, and should be identified by
nificant residuals, i.e., above the- Bevel, that span several con-at least two methods. Furthermore, to derive the temporal prop-
secutive time bins and are present in a few, though not necessaties of spikes such as their rise, decay, and duration, we fit these
ily all, energies can be safely regarded as real hard X-ray spikegikes to Gaussian profiles as shown in the following section.
(However, we note an exceptional case in the selection of S5 dfat this purpose, we need to clearly separate spikes from each
S6 in the 2003 October 29 event. The demodulated light cunaber and from their background. Therefore, we discard spikes
are full of structures, which raises tle level of the residual that appear to reside in a cluster of spikes, such as the spikes at
signals, therefore, significant residuals at S5 and S6 do not spaound 30 s in Figure 3, because they pose significdicualty
over more than one time bin. In this case, significant residuafsthe fitting procedure. Eventually, only the ten most prominent
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Fig. 5. Examples of durations and peaking times of the spikes S1 and
S10 at varying energies, derived from fitting the spike light curves to
spikes with the best Gaussian fitting results are reported in tfigussian profiles. Horizontal bars in the bottom panels indicate the
paper (Table Il and Figure 2). Wl_dths of _the energy bins, and vertlc_:al bars_mdlcad?e_f[ttlng uncer-
Seen from Figure 2, some spikes, like S1 and S2, appealtat@t'es' Lines in the bottom panel give the time-of-flight fit (see text).
have a rather symmetric sharp rise and decay. The time interval
between the maximum and the background in both the rise and
decay phases is about half a second, and the duration (FWHM) ) ) o
is below 1 s. Some of these bursts, such as S1 and S10, consi¥ggfed that the hard X-ray spikes have fairly symmetric time pro-
more than one spike each, which may be resolved if higher tef{es (Kiplinger et al., 1984; Wang et al., 2000). .
poral resolution can be reliably achieved. We also note that the The fitting procedure is applied to demodulated light curves
most pronounced spikes occur in the early rising phase of h&ca few energies, when applicable, in order to examine the en-
X-ray emissions. In the maximum phase, though emission g€tgy dependence of the fitting parameters. Table Il lists these
stronger, it is more diicult to recognize spiky structures fromparameters for light curves at 25-100 keV and 100-300 keV

the underlying background, perhaps because of a cumulative@fthe ten spikes indicated in Figure 2. Taking S1 and S10 as
fect by clusters of spikes. examples, we also plot in Figure 5 the peak time and FWHM

from the fit at energies 15-25, 25-40, 40-60, 60-100, and 100—
300 keV. The fitting results suggest that the detected hard X-ray
4. Temporal and spectral properties of fast-varying spikes have a typical time scale (FWHM)©1 s (Figure 5a and
spikes Table Il). With the data resolution and uncertainties in fitting, we
) , ) do not find any energy-dependent duration in hard X-ray spikes.
We investigated the temporal and spectral properties of the {88aders should call that the presented time scales are an upper
most pronounced spikes, S1 to S10, identified in the five studigdit set by our selection criterion. Spikes on shorter time scales
events. The peak time, duration (FWHM), and peak count rat§g haply exist in reality, but they are likely to be filtered out by
of the spikes are measured in a few energy bins. We also deriygd selection criterion, which requires significant residuals span-
and compared the count rates dfeient energies, for the spikesying a few time bins. We also note that, since this paper focuses
and their underlying components. , on seeking hard X-ray spikes on very short time scales, bursts on
Since most spikes reside on top of a gradually varying baqgnger time scales are often regarded as multiple spikes residing
ground, and many of them exhibit symmetric rise and decay, @|usters and are hence left out by the selection criterion.
judged from a visual inspection of the spike light curves (also 4 some spikes, e.g., S1 and S10, the fitting results suggest
see similar conclusions by Kiplinger et al., 1984; Wang et ke gy dependent lags in the peaking time. Figure 5b shows that,

2000), we fit the spike light curves in time intervals of 20 %, 51’ and S10, emission at higher energies peaks earlier. The

to Gaussian profiles with a quadratic( background in the forgp,o lag between 20 and 100 keV photon energies is less than
t—t

2 .
of I(t) = (Ao + Act + Aot?) + Zifliexp(—5)], where the first half a second. If we assume that such time lags result from time-

three items on the righthand side represent the quadratic ba@kflight (TOF; Aschwanden et al., 1996) of directly precipitat-
ground, and;, t;, andr; represent the peak intensity, peak timelng electrons, the upper limit of the loop lengttcan be derived
and FWHM of each identified spike, respectively. The Gaussiéiom the TOF measurements bfg) = L(3)z2€ 2, wheret(e) is
FWHM gives a measure of the duration of the spike. Figurethe energy-dependent TOEthe loop length, anchthe electron
shows an example of fitting the spike S1 and its backgroundratiss. For S1 and S10,is estimated to be about 68nd 40,
different energies. respectively. These are plausible values of coronal loop size, as
Using a Gaussian fit implies symmetric rising and decayir@HESSI maps show the separation of the foot points to be about
profiles, which is not too far from reality, judged from a visuab0’and 40, respectively, for the two spikes (see Figure 8 and
inspection of the spike light curves. Earlier studies have also ®ection 4). These values are upper limits of the loop length, be-
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energy (keV) the count rates spectrum of the underlying component is system-
atically greater than the value derived from the spike spectrum

Fig. 6.1n each panel, the symbols and solid lines show examples of hdogl about 0.5. This result indicates that hard X-ray count spec-
X-ray photon count spectra of integrated spike flux from the Gaussigium of the spike is in general harder than the spectrum of un-
fitting, in comparison with the count rates spectra of underlying compgerlying component.

nents. Solid lines show the least-squares fit of the spectrato a power-IaWWe are aware of the fact that background subtraction is key
distribution, and the exponents and their uncertainties from the fit 1§spe0tral fitting. The hard X-ray spike intensity is derived as the

noted in the figures. The y-axis gives the units of the spike intensiti . L
and the intensities of the underlying component are divided by four fg}tegrated flux of the Gaussian component from the fit with con-

clarity. The three panels from top to bottom illustrate the count specif#oution from the underlying component removed. For the un-
for spikes S1, S5, and S8, respectively, and the underlying componefflying component, we take the pre-flare emission as the back-
ground for most of the events, and post-flare emission for the

2002 August 30 event as pre-flare data are not satisfactory. The
RHESSI quick-look light curves show that during the events in

cause realistically, electrons spiral down along the loops witRe study, the background is not subject to modulations by elec-
nonzero pitch angles (Krucker et al., 1999). tron events, thus the treatment of subtracting a mean pre-flare

We further analyzed the spectra of the spikes and their exgckground is appropriate in general. For two events, at energies
lution, in comparison with the spectra of slow-varying underlybelow 25 keV, pre-flare emission during the selected background
ing components. We assumed a power-law distribution of hasgriod is already high. This indicates that at low energies, the
X-ray emissions, i.e.% ~ €%, and make least-squares fit tdbackground is over subtracted from the underlying components,
the count rates at30 keV, as indicated by the straight lines irand the spectra of the properly background-subtracted underly-
Figure 6. The fit yields the power-law indexof the count spec- ing components would be still steeper than illustrated in Table
trum. The illustrated spectra in Figure 6 are not fully calibratddl Overall, the fast-varying spikes have a significantly harder
photon spectra but are count rates spectra, which, however, spactra than underlying components. This result agrees with the
still reflect some properties, such as the hardness, of the hgesheral notation that hard X-ray photon or electron spectrum is
X-ray photon spectrum. harder at emission peaks than at valleys or underlying compo-

First, we fit the count spectra at the rise, peak, and decayr&ts (e.g. Kiplinger et al., 1983).
each spike (not shown in the paper) to investigate evolution of Readers are also reminded of tHEeet of the spike selection
the spike spectra. Within fitting accuracies that are mostly linprinciple on the distinct spectral properties between the spikes
ited by the designated energy resolution, no significant variatiand underlying components. As stated in the previous section,
is found in the values of the power-law exponenat the rise, the selection rule requires that significant residuals be present
peak, and decay of a spike. This pattern ifedent from the in a few energy bands, which usually leads to preference to se-
soft-hard-soft spectral evolution usually seen in large bursts. lecting signals with more pronounced emission, with respect to

We then compared the spike spectra with their underlyirmackgrounds, at high energies (ex00 keV in this study) than
components. Figure 6 displays some examples of integrata@terlying components. To examine whether the data counts at
spike flux from the Gaussian fit with respect to photon energdyigher energies, which also carry the larger statistical uncertain-
i.e., the spike counts spectrum. Also plotted is the directly mei@es, are crucial to the fierent spectral properties, we fit the
sured count rates spectra of the underlying components adjaanints spectra again by eliminating the 100-300 keV energy
to the spikes. Comparison of the power-law exponents betwdgn. This is a very crude test, though, since fitting accuracies
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are severely degenerated in such experiment, which uses onjy,
three points in a nonlinear fitting procedure to determine three
variables. Still, except for the 2003 October 29 event when thé0o
exponents of the spike spectra become nearly identical to thqszezzo
of the underlying components, the experiment produces comi-
parable or even greaterftirence in the power-law exponents_,.q
between the spikes and underlying components.

In general, with limitations in the spectral analysis proce=26° [E Iy IR (b) 19:28:03.2
dures, a conservative conclusion may still be reached that the s, _3,0_300-280 —260 —240 340 — 320 —300 — 280 —260 —240
hard X-ray spike spectrum is harder than the spectrum of the un-
derlying component. The distinctive spectral properties of sp|kes
from underlying components may suggest that underlylng com:*°
ponents are not an unresolved collection of fast-varying spikes.g
In other words, the diierent spectral characters between fast-
varying hard X-ray spikes and underlying components are very20
likely the result of specific physical mechanisms to generate
nonthermal emissions in such a way that the spectral propertles
are closely related to the burst time scales. 80

‘Q)K@‘

160
140

120

]

() S A7=50

5. Imaging of hard X-ray spikes

—340 E§8)
The spatial structure of hard X-ray spikes can be studied throug?6
high-resolution imaging observations. In this section, we explore
RHESSI hard X-ray, TRACE UV, and NSO infrared imaging_ssg
observations to understand the morphological properties of hard
X-ray spikes. —400
We constructed RHESSI maps of the ten spikes studied |n2
this paper. The adjacent underlying components are also mappe
to compare with the spatial structures of the spikes. Figure-8+o SRS () 20:48O .
shows the RHESSI hard X-ray clean maps at 25-100 keV at the 5¢ 80 100 120 140 160 60 80 100 120 140 160
times of the spikes. Each map is constructed with a 2 s integra-
tion centered at the peak of the spike. Also shown are maps of
immediate underlying components. They are also constructed bgo
integrating data counts over 2 s immediately before or after the
spike. In principle, for maps above 25 keV, all collimators cansao
be used. We attempted maps including collimator 1, which is
supposed to yield the best possible resolution’af2owever,
with the finest grid, for all events studied, stronger sources are

Therefore, in this study, we use the collimators 2 to 9 for optimal
mapping resolution (3.93.

In Table II, we point out the morphology of the ten spikes
based on the mapping results. Most spikes and their immediatg,
underlying components are primarily emitted by double sources
(see Figure 8), likely conjugate footpoints of flare loops. The,,
FWHM of these sources are all close to”1@vhich may be
the result of the limited RHESSI imaging resolution. The 2002
August 30 flare exhibits a single source in hard X-rays through=2°
out the evolution. For this event, TRACE EUV images show
small flaring loop arcade with a separation of about.1Biven
the RHESSI image resolution, it is very likely that in the 2002
August 30 event, the spikes are also emitted by double foot-point
sources not resolved in RHESSI maps. Maps of some spikesFig. 8. RHESSI hard X-ray clean maps at 25-100 keV of spikes S1 to
other events suggest more than two sources, but the third souste (gray scale) superimposed on the maps of underlying components
is usually very weak, with the intensity about one tenth of tHgontours) in the same energy range. Each map is constructed with 2 s
maximum source intensity. |ntegrat|on The contour levels are 0.25, 0.4, 0.55, 0.7, and 0.85 of the

To study the detailed morphology of these spikes, in Figur ximum count rates of the image. Axis labels indicate the E-W and
9-11, we compared the images of a few spikes with coorcﬁ-'?S coordinates in arcsec.

nated observations of the magnetic field obtainedvlighelson

Doppler Imager(MDI; Scherrer et al., 1995), UV images by

TRACE, and infrared images from NSO. The RHESSI images

are conveniently co-aligned with the MDI longitudinal magregistering features, such as sunspots, pores, and plages, which
netogram using the satellite-pointing information. We then cese observed in all these images. The co-alignment accuracy is
aligned UV and optical images with the MDI magnetogram bymited by the instrument resolution, which is about 1-2

9 (i) 10:21:09.3
640 660 680 700 380 400 420 440 460
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source in the east, while S2 is contributed more by the source
in the west. This is dierent from previous studies (e.g. Wang

et al., 1995), suggesting that flare footpoints in weaker magnetic
fields emit stronger hard X-rays as a result of magnetic mirror-
ing effects. The spatial variation between S1 and S2 suggests
that the magnetic structures that emit S1 and S2 rapidly evolve
during 20 s, although they are embedded in the same magnetic
environment.

As shown in Figure 9, the images of the spikes have nearly
identical morphologies to the images of the underlying compo-
nents. In general, for each of the events analyzed in this paper,
when we compare the RHESSI map constructed at the spike with
the map of the underlying component, no detectalffedince is
found in the spatial structure between the two, although emission
of the spike is enhanced with respect to the underlying compo-
nent. We note that the RHESSI map constructed over 2 s is a

L = L = combination of both the spike source and the underlying com-
-300 -280 -260 -240 -300 -280 -260 -240 ponent. As the spike duration is less than 1 s, and the net spike
E-W (arcsec) emission is comparable to the underlying component, the spike
source would contribute about 20% to the 2 s map. This may
Fig. 9. RHESSI hard X-ray clean maps (dark contours) at 25-100 kee an important reason that the spike source is not distinguished
of spikes (b) S1 and (d) S2 and the pre-spike underlying componentgrem the underlying component. We also note that the RHESSI
and c¢) on 2002 March 17 superposed on the.longitudinal magnetograg}d X-ray source size (FWHM) is around”1@endering it dif-
taken at 19:46:01.11 UT by MDI. Each map is constructed with 2 s ige 1t to uncover the real spatial structure of hard X-ray spikes.

tegration. The contour levels are 0.25, 0.4, 0.55, 0.7, and 0.85 of t . . L - .
maximum count rates of all the images, which is 0.57 photorn sm }-Qﬁernz_itlvely, we have SO.Uth other high-resolution imaging ob
servations to compare with RHESSI data.

asec?. White contours indicate the polarity inversion line of longitudi
nal magnetic fields. For the 2003 October 29 flare, high-resolution infrared ob-
servations were taken at National Solar Observatory (NSO)
around the maximum phase of the flare. The image scale of the
Figure 9 shows the maps of spikes S1 and S2, and the pffrared observations is around 0,lyielding a resolution ap-
spike underlying components for the 2002 March 17 event. $ioaching the diraction limit of 0.2’. In Figure 10, we compare
and S2 are both emitted by double sources abo(iapart in infrared images with RHESSI maps. The infrared observations
opposite polarity magnetic fields. S1 primarily stems from thgover only the maximum of the flare, while RHESSI hard X-
ray spikes S5 and S6 occurred a minute earlier. The infrared im-
ages show double sources coincident with the hard X-ray sources
(Figure 10c; also see Xu et al., 2004) around the maximum of

S-N (arcsec)

250 the flare (Figs, 10b and 10c). In infrared images, the source in
< -300 the north of the sunspot can be recognized as two patches of
2 less than 2in size, which cannot be resolved in RHESSI maps.
g 350 Figure 10a shows that hard X-ray spikes S5 an S6 have a simi-
E -400 lar structure to sources at the maximum, though emission in the
n southern footpoint is stronger. Unfortunately, no infrared obser-

-450 vations were taken at the times of S5 and S6 to uncover the spa-

tial structure of these spikes. However, we point out that the scale
0 50 100 150 200 O 50 100 150 200 of infrared emission sources is similar to the size of a granule
E-W (arcsec) clearly shown in the high-resolution images, which may be com-

parable to the size of an elementary burst, as elementary bursts
are thought to reflect reconnection events between single flux
tubes (Sturrock, 1989).

For the 2005 January 19 event, high cadence (2 s) obser-
vations at UV 1600 A were obtained by TRACE with an im-
age scale of 0/5 which covers the entire period of interest.
Figure 11 shows a series of TRACE UV images in comparison
with RHESSI maps at 25-100 keV. Specifically we compare the
. RHESSI and TRACE images at spikes S7-S8, S9 and the un-
Fig. 10.RHESSI hard X-ray clean maps (dark contours) at 25-100 k&}arlying components. The RHESSI maps in the lower panel in
(a) of spike S5 and (b) at the maximum of the 2003 October 29 flage, 10 1 1 reveals little spatial variation between the spike images

superposed on the longitudinal magnetogram taken by MDI. Each m . . g
is constructed with 2 s integration. The contour levels are 0.25, 0.4 d the underlying component images, except for stronger emis

0.55, 0.7, and 0.85 of the maximum count rates of each image, whici$|gn at the times of the spikes. TRACE UV 1600 A images in the
noted in each plot in the unit of photons ths* asec?. (c) A snapshot uUpper panel in Figure 11 were obtained within 1 s of RHESSI
of an infrared image around the flare maximum revealing two brightard X-ray spikes and their underlying components. They also
kernels coincident with RHESSI hard X-ray sources (white contourghow nearly identical spike and pre-spike images, all exhibit-
The white box in (b) defines the FOV of (c). ing three bright patches in magnetic fields of opposite polari-
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the time of the spike is exactly from the location of the peak
emission of the kernels, confirming that these spikes are emitted

10:20:57 10:21:01 . . . .
360 () /10: 2008 _ B 1108 9 by magnetic structures embedded in the same magnetic environ-
. < ment of underlying emissions. For S9, the situation is slightly

340 different: some part of excess emission is located in new spot-
like structures extended from the edges of the background ker-
_. 320 nels. This is most evident in the magnified images of two kernels
§ shown in Figure 11. The centers of these new structures are dis-
£ 300 placed from the peak of the background emission’by2t, and
> the FWHM size of the new structures is about2’, which
& 360 should set the upper limit for the spatial scale of the spikes if
we believe that these structures truly reflect the sources of the
340 spikes.
To summarize, RHESSI mapping results suggest that the
320 sources emitting hard X-ray spikes are the same as or very
closely attached to sources that emit their underlying compo-
300 IS 10:20:5810 (b1) 10:21:0000 nents, and they are footpoint sources located in magnetic fields
640 660 680 700 640 660 680 700 of opposite polarities. This is confirmed by coordinated obser-
E-W (arcsec) \{ations with cqmparablg time cadence and better spa_tial resolu-
tions by other imaging instruments. Such a result indicates that
‘ reconnection and acceleration events that produce hard X-ray
(c) 10:21:06 } (d) 10:21:09 * spikes take place in the same magnetic environment of the un-
360§ ; | derlying sources. Here the word “same” is accurate within the
& RHESSI mapping resolution, er”.
340 g N
. R
320 , c \ {f 6. Conclusions
(o]
§ ‘ ‘ We present the results in search of fast-varying hard X-ray emis-
5 300 sions from RHESSI observations. Spikes on time scales are
z found in hard X-ray emissions at photon energies from 20 to
v 360 over 100 keV during the rise of hard X-rays in five flare events.
These spikes exhibit fairly symmetric sharp rise and decay, and
340 the duration (FWHM) of the spike is from 0.5-1 s. Energy-
dependent time lags are present in a few spikes, suggesting time-
320 of-flight effects. The photon count spectra of hard X-ray spikes
(c1) 10:21:0810 (d1) 10:21:10% are generally harder than the spectra of underlying components,
300 typically by 0.5 in the spectral index. This result implies that
640 660 680 700 640 660 680 700 underlying components might not be an unresolved collection
E-W (arcsec) of fast-varying spikes and that hard X-ray emissions in these

events might be produced by physical mechanisms linking time
_ _ scales to spectral hardness. Future observations holding a greater
Fig. 11. Bottom panel: RHESSI hard X-ray maps (white contours) airomise for precise spectral analysis should be conducted to ex-
25-100 keV around the times of spikes (b) S7-S8 and (d) S9, and pignine this point with more confidence.
spike times (a and c) on 2005 January 19, superposed on the longitu- RHESS] clean maps at 25—100 keV with an integration of 2
dinal magnetogram taken at 09:36:02.32 UT by MDI. The integrati centered on the pegk of spikes reveal that hard ?(-ray spikes
time of each image is 2 s. The contour levels are 0.25, 0.4, 0.55, Q. & pri i itted by double foot-point . fi
and 0.85 of the maximum count rates of the images, which is 2.52 pHo- primarily emitied by double Toot-point sources in magnetic
elds of opposite polarities, which are likely superposed on,

tons cm? st asec?. Top panel: snapshots of TRACE 1600 A image ) . "
around the times of RHESSI maps. The inset gray-scale images in résher than at a very fierent location from, the sources emitting

and (d) are magnified images of two kernels, the FOV being indicatd@iderlying components. With the RHESSI mapping integration
by the white boxes in (c). The over plotted dark contours in (b) and (tine of 2 s, mapping resolution of’4and source FWHM size
show the diference between the spike image and pre-spike backgrowfdnearly 10, it is hard to distinguish the spatial structure<df
image by TRACE, the contour level being 0.3, 0.5, 0.7 of the maximugspikes from the underlying components. Complementary high-
of each diference image. Gray contours indicate the polarity inversig@solution imaging UV and infrared observations confirm that
line of longitudinal magnetic fields. hard X-ray spikes are produced in magnetic structures embed-
ded in the same magnetic environment as the underlying com-
ponents, and the scale of a spike source is likely below?1.
ties. Spatially resolved UV light curves reveal enhanced emis- In spite of the limitations of existing capabilities and anal-
sion correlated with hard X-ray spikes at a few sites in magnetjsis approaches as discussed above, our present study poses al
fields of opposite polarities, suggesting that hard X-ray spikes igriguing question: what physical mechanisms are responsible
emitted by footpoint pairs rather than a single polarity footpoiridr producing fast-varying hard X-ray spikes superposed on the
or a loop top source. temporally and spectrally fierent underlying components in the
To detect the locality of hard X-ray spikes, we plot the corsame magnetic environment? An analog to this result is the well-
tours of the TRACE dterence images between the spike timknown distinctive tempo-spectral behaviors between impulsive
and pre-spike time in Figure 11. For S7-S8, excess emissioraatl gradual hard X-ray and microwave bursts on much longer
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time scales and usually in féérent flares. We also stress thatin, R. P., Dennis, B. R., Hurford, G. J., Smith, D. M., Zehnder, A., Harvey, P.
the very pronounced hard X-ray spikes reported in this paperR., Curtis, D. W., Pankow, D., Turin, P., Bester, M., and 56 coauthors 2002,

« ” ; Solar Phys., 210, 3
are cclnlnfclzeptually dierent EO?‘ eléertnegtary bursts aw?'Ch trrl]eLu E.T., & Hamilton, R. J. 1991, ApJ, 380, L89
overall flare emission is believed to be comprised of, such ggiig p. F., Kiplinger, A. L., Cohl, H. S., & Wiborg, P. H. 1993, ApJ, 406, 306

the one described in the flare “avalanche” model (e.g. Lu Barker, E. N. 1989, Sol. Phys., 121, 271

Hamilton , 1991). This study is not focused on decompaosing tk&, J., & Wang, H. 2006, Sol. Phys., 236, 293

entire flare light curve into a sum of short-scale bursts, as pragherrer, P. H., etal. 1995, Sol. Phys., 162, 129

tic by Aschwanden et al. (1998). These outstanding hard X-rgvgfl‘:k' P. A., Kaufman, P., Moore, R. L. & Smith, D. F. 1984, Sol. Phys., 94,
spikes are only found in a number of flares, as first remarkegrock, P. A. 1989, in Proc. Max'91 Workshop, ed. R. M. Winglee & B. R.
by Kiplinger et al. (1983), which indicates of specific physi- Dennis (Greenbelt: NASA), 1

cal environment or mechanisms that generate them. To expldeitet, G., Rolli, E., Magun, A., Barat, C., Kuznetsov, A., Sunyaev, R., &

; ; ; iqadrerekhov, O. 2000, A&A, 356, 1067
this SUb]eCt further, demodulated RHESSI observations ald\%g\ Beek, H. F., de Feiter, L. D., & de Jager, C. 1974, In: Space research

by_SUbStantla”y_lmproved spectra_l and '”?ag'”_g reSOIV'ng Capa’XIV; Proceedings of the Sixteenth Plenary Meeting, Berlin, East Germany,
bilities or techniques (e.g., the visibility imaging by Hurford, Akademie-Verlag GmbH, p. 447-452.

Schmahl, & Schwartz, 2005) are needed. The demodulation &lr Beek, H. F., de Feiter, L. D., & de Jager, C. 1976, In: Space research XVI,

gorithm itself can be improved with the explicit calculation of Proceedings of the Open Meetings of Working Groups on Physical Sciences,

statistical errors and more sophisticated normalization corr%éizr'ﬂ’ EQalit (J;e:3":1%rAéadseg?r'g;:\lﬁerT'achh?ani p&8ésc9’—08d2e2.P R. 2000, ApJ

tions. Study of the particle acceleration associated with fast-s42 1080

varying spikes may be conducted further with the next genevang, H., Gary, D. E., Zirin, H., Schwartz, R. A., Sakao, T., Kosugi, T. &
ation of hard X-ray antbr microwave observing facilities such Shibata, K. 1995, ApJ, 453, 505 ,

as the Spectromet@elescope for Imaging X-rays (STIX) andx“AY-'JC:é’%VX-l'é-'lu' C. Yang, G., Qiu, J., Jing, J., Denker, C., & Wang, H. 2004,
Expanded Owens Valley Solar Array (EOVSA). P B0
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