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ABSTRACT

Context. Recent analysis of the EUV emission of the solar Active Region observed with TRACE (Sakamoto et al. 2008, ApJ, 689,
1421) revealed fluctuations which are significantly larger than the estimated photon noise and other instrumental eﬀects. This was
considered as a signature of a multiple-strand structure of coronal loops that originates from numerous sporadic coronal heating events
(nanoflares).
Aims. The present Letter aims to put these findings into a broader context of the nanoflare heating scenario.
Methods. Simultaneous TRACE and Yohkoh/SXT observations were interpreted by using theoretical predictions of the forward
modelling of the nanoflare heating.
Results. It is estimated that in the coronal active region impulsive heating events have a typical energy of 1024 erg with the average
occurrence rate of 10−17 events/cm2 s. These could result in the hot corona with the filling factor as large as 10%.
Conclusions. It is demonstrated that analysis of small fluctuations of the coronal emission can provide a useful tool for probing the
mechanism of solar coronal heating.
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1. Introduction
High resolution magnetograms and images of the corona in the
EUV and X-ray wavelengths reveal an intimate connection between the magnetic field and coronal heating. However, many
important details of the underlying processes, in particular how
the magnetic energy is converted into the thermal energy of
coronal plasma, are still far from being completely understood.
Moreover, it is possible that diﬀerent heating mechanisms operate in various coronal magnetic structures (e.g., active regions,
coronal holes). In the case of active regions with strong bipolar magnetic fields, the most likely scenario of plasma heating
involves magnetic reconnection in current sheets, which readily form in the coronal magnetic field in response to its deformation by the photospheric convective motion (Parker 1972;
Low & Wolfson 1988; Vekstein et al. 1991). The largest of
such events, solar flares, although releasing as much energy as
1034 erg, are too rare to maintain the hot corona. Therefore, it
was suggested (Parker 1988) that coronal heating is provided by
a far more frequent lower-energy population of flare-like events
called “nanoflares”, which are unable to be resolved individually
with the present observational capabilities.
However, the occurrence rate of flares follows an inverse
power-law relationship with their energy (Drake 1971; Lin et al.
−α
1984) given by dN
, where the index α ≈ 1.5−1.7 remains
dE ∝ E
almost unchanged over a wide energy range of 1028 −1031 erg
(Crosby et al. 1993). Therefore, to ensure that small energy
events are energetically significant, their occurrence rate should
have a much steeper distribution at the lower-energy end,
where, if a power-law, the index α has to be greater than 2

(Hudson 1991). Thus, a great deal of eﬀort has been made to
investigate the occurrence rate of events with the released energy below 1028 erg, the so-called transient brightenings, or microflares (Shimizu 1995; Krucker & Benz 1998; Aschwanden
et al. 2000; Parnell & Jupp 2000). The outcome, however, is
largely inconclusive since a wide range of spectral indices between 1.6 and 2.5 has been reported. This is, probably, unsurprising because the entire procedure of retrieving the energy deposition of a heating event from the observed enhancement of the
coronal emission measure is far from straightforward. Indeed, it
requires a number of assumptions regarding the geometry and internal structure of emitting plasma, which together with the different event’s selection criteria adopted by the authors could be a
cause of the above discrepancies (Benz & Krucker 2002). Such
an event-based approach also seems to be basically inappropriate
for tracing the small events responsible for coronal heating: the
persistent hot corona that we appear to observe is the result of the
interference of a large number of such events. More details about
the nanoflare scenario of coronal heating and its possible observational verification can be found in a recent review (Klimchuk
2006).
Nevertheless, the discreteness of the underlying heating process should manifest itself in small fluctuations about the steady
integral emission background. Thus, a good correlation between
the magnitude of the time variability and the intensity of the
coronal emission was found from investigation of sequential
Yohkoh/SXT images (Shimizu & Tsuneta 1997). If the persistent corona, which appears to be quasi-steady and not to exhibit
any significant activity such as big flares, is heated by a large
number of nanoflares, this correlation could indicate a causal
relationship between the emission fluctuations and heating.
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2.1. Summary of TRACE data

A schematic diagram of a coronal loop observation is shown in
Fig. 1. A coronal loop of a half-length L and a diameter D is
supposed to contain a large number of hot dense plasma strands
(filaments) produced by nanoflares. For simplicity, it is assumed
that all nanoflares are of the same energy En , and that their occurdN
per unit time and unit coronal surface area.
rence rate equals dt.dS
After its almost instant creation by a nanoflare, the subsequent
evolution of the hot plasma filament can be viewed as a twostage cooling process (Cargill 1994) characterised by the conductive and radiation timescales, τc and τr respectively, which
are equal to
τc ≈

Fig. 1. Schematic diagram of a coronal-loop observation (Sakamoto
et al. 2008).

By using the multi-strand model of the nanoflare-heated
coronal loops (Cargill 1994), it was pointed out (Vekstein &
Katsukawa 2000; Katsukawa & Tsuneta 2001; Vekstein & Jain
2003) that a detailed analysis of small intensity fluctuations of
the coronal X-ray emission could provide information about
the energy and occurrence rate of the individual heating events.
This method was used (Katsukawa & Tsuneta 2001; Katsukawa
2003) for estimating the energy of nanoflares in a diﬀuse active region observed with SXT. However, these data exhibited
fluctuations in the detected emission intensity that were only
marginally above the estimated photon noise. This motivated
(Sakamoto et al. 2008) to explore data from the EUV telescope
of TRACE , which allows observation of cooler coronal plasma
(T ≈ 1 MK) in a much narrower temperature range than with
such a broad-band instrument as Yohkoh/SXT (T > 2 MK).
Consequently, the cooling time of individual strands contributing to the intensity detected by TRACE is shorter than those observed with SXT, and one could expect more pronounced fluctuations to be caused by nanoflares.

2. Observational data and their analysis
This Letter is based on the simultaneous observations of the
Active Region NOAA AR 8518 made on April 23 1999 with
the Yohkoh/SXT and TRACE. The detected intensity of the
X-ray and EUV emission and their fluctuations were analysed
and reported in Sakamoto et al. (2008). It was found that the
histograms for the SXT observations show fluctuations that are
equal or only slightly larger than the photon noise. Although
this implies that these data are unsuitable for directly probing
nanoflares, the mean X-ray intensities detected by this instrument can be used (see below) for verifying the overall energy
budget of the nanoflare heating. On the other hand, TRACE light
curves exhibit fluctuations that are well above the estimated photon noise and other instrumental eﬀect. This is interpreted as a
signature of the underlying discrete impulsive coronal-heating
events, characteristics of which (energy, occurrence rate, etc.)
are derived in what follows.

4 × 10−10 nL2
,
T 5/2

τr ≈

2 × 103 T 3/2
n

(1)

(here, and in what follows, in all practical formulae the units
of τ are s, the units of L − cm, n − cm−3 , and T is measured
in Kelvin). In the course of such cooling, the temperature of a
filament appears within the range of the TRACE temperature
response function during the time interval (Δt)TR , which is of the
order of the filament cooling time at the respective (T ≈ 1 MK)
temperature.
2
dN
× π 4D ×
Therefore, at any instant there are on average, dt.dS
(Δt)TR filaments inside the loop that are visible by TRACE, of
dN
which dt.dS
.(Δt)TR .D.l ≡ N (see Fig. 1) contribute to the intensity detected by a single pixel of projection size l. Then, the
mean emission count of the TRACE pixel can be calculated as
I = N RTR n2 l ΔS τe ,

(2)

where ΔS is the cross-section area of the filaments, RTR ≈
8.2 ×10−42 (cm3 /s) is the response coeﬃcient for the 171 Å filter
of TRACE (Handy et al. 1999), and τe ≈ 27.6 s is the exposure
time for the discussed TRACE observations. The last is much
shorter than (Δt)TR (see below), hence, the emission detected by
TRACE provides a snapshot of the filaments that are visible with
this instrument. Therefore, the variability of the emission count
of a pixel is determined by fluctuations in the number of these filaments that are present. Thus, the respective standard deviation
in fluctuations of detected emission is equal to
−1/2

dN
σTR = I/N1/2 =
I.
(3)
D l (Δt)TR
dt dS
The TRACE observations considered by Sakamoto et al. (2008)
yield a wide range of emission counts for diﬀerent pixels,
for which more significant intensity fluctuations are found in
brighter pixels. In this case, the following relation between σTR
and I was found (Sakamoto et al. 2008):
σTR ≈ 0.02I.

(4)

Furthermore, the auto-correlation time for the TRACE light
curve was also derived (see Fig. 9 of Sakamoto et al. 2008) as
τTR ≈ 500 s. On the other hand, it follows from the forward modelling of the nanoflare heating (Vekstein & Jain 2003; Katsukawa
2003) that this auto-correlation time reflects and is roughly equal
to the emission lifetime of the individual filamemts, i.e., (Δt)TR .
Hence,
(Δt)TR ≈ τTR = 500 s.

(5)

Finally, TRACE images of the entire active region allows one to
estimate the “averaged” half-length and diameter of the loop as
L ≈ 1010 cm and D ≈ 3 × 109 cm, respectively. By using these
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Fig. 2. Scatter plots for mean intensity detected by TRACE and SXT. Dashed lines exhibit apparent lower limits of the TRACE intensity (Sakamoto
2006).

numbers together with Eqs. ((2)–(4)), and taking into account
that the pixel projection size is l ≈ 1.8 × 108 cm (note that 5 ×
5 macropixels were used to reduce the eﬀect of loop motion),
one obtains the following estimates of the nanoflare birth-rate
and their average number contributing to a single pixel intensity:


dN
−1
≈ 10−17 cm−2 s ,
(6)
N ≈ 3 × 103 .
dt.dS
We now consider other parameters of a TRACE filament with
T ≈ 1 MK. It follows from Eq. (1) for the plasma cooling rates
that the obtained lifetime in Eq. (5) is determined by the radiation losses and corresponds to the plasma density n = nTR ≈
4 ×109 cm−3 . One can, then, use Eq. (2) to find the cross-section
area of filaments: for bright pixels with I ≈ 104 , it yields
ΔS ≈ 4 × 1012 cm2 . This means the diameter of a single filament
equal to d ≈ 20 km, which is by far beyond the present and foreseeable future observational capabilities. Consequently, plasma
thermal energy in a single TRACE filament becomes equal to
ETR = 3nkT ΔS 2L ≈ 1023 erg, and the coronal filling factor for
the TRACE-detected plasma is fTR = NΔS /l D ≈ 2 × 10−2 .
The latter number is consistent with the values derived previously with the similar narrow-band instruments such as NIXT
(Di Matteo et al. 1999).
We note that the aforementioned estimate for nTR is an
order of magnitude higher than the one predicted by the
Rosner-Tucker-Vaiana (RTV) scaling (Rosner et al. 1978):
nRTV ≈ 3 × 106 T 2 /L,

(7)
−3

which yields the density n ≈ 3 × 10 cm in the present case.
This fits well into the nanoflare model, in which individual filaments should appear “under-dense” during the stage of their
conductive cooling, and “over-dense” while being cooled by radiation (see, e.g. Klimchuk 2006; Wineberger et al. 2003).
8

2.2. Implications for nanoflares

This interpretation of the TRACE-detected filaments presumes
that they appear as a result of cooling of initially hotter and
denser filaments, which dominate the coronal diﬀerential emission measure and, hence, control the overall coronal energy
budget. It is, therefore, important to deduce their parameters
from the theoretical modelling of nanoflare heating, and then
to compare the findings with available simultaneous observations with Yohkoh/SXT. Unlike TRACE, the SXT is a broadband instrument ensuring that it is well-suited to probing this

part of the coronal diﬀerential emission measure. Clearly, if
the nanoflare scenario of coronal heating does take place, one
might expect a strong correlation between the emission intensities detected by these two instruments, and this is exactly
what is revealed by observations. Thus, Fig. 2 displays scatter
plots for mean intensity detected by TRACE and Yohkoh/SXT,
where each dot corresponds to a pixel of the observed image
(note that TRACE 5 × 5 macropixels used here have almost
the same resolution as Yohkoh/SXT pixels). The distribution
shown in Fig. 2a, which corresponds to solar disk, is dominated by pixels bright in TRACE and dim in SXT. This is because of the contribution of moss regions (Berger et al. 1999),
which are footpoints of hot coronal loops heated by heat flux
from the upper corona (Katsukawa & Tsuneta 2005). Therefore,
they do not represent coronal filaments produced by nanoflares
and, hence, were excluded from the analysis of Sakamoto et al.
(2008). On the other hand, Fig. 2b, which corresponds to the
solar limb, seems to be free of them, and it indeed exhibits
the sought-after correlation. Thus, for the aforementioned bright
TRACE pixels with the mean emission count ITR ≈ 104
taken with the exposure time (τe )TR ≈ 27.6 s, the respective
˙ TR ≈ 360 (s−1 pixel−1 ).
TRACE intensity of Fig. 2b equals (I)
According to Fig. 2b, it then corresponds to the SXT intensity
˙ SXT ≈ 3 × 103 −104 (s−1 pixel−1 ), which for the SXT expoI
sure time (τe )SXT ≈ 0.95 s yields the mean pixel emission count
I ≈ 3 × 103 −104 .
We now compare this number with theoretical predictions.
It has been demonstrated (Cargill 1994; Vekstein & Katsukawa
2000) that the maximum of the diﬀerential emission measure is
provided by filaments that are in transition from the conductive
to the radiation cooling stages, so that their conductive and radiation cooling times given by Eq. (1) are equal. This means that
despite the impulsive nature of the nanoflare heating, the temperature of these filaments, T ∗ , and their density, n∗ , obey the
RTV scaling of Eq. (7) that was originally derived for a state of
static thermal equilibrium. Furthermore, because of a broad temperature response function of SXT, the coronal loop temperature
obtained with this instrument is close to T ∗ . Hence, the observed
SXT temperature T SXT ≈ 5 MK ≈ T ∗ yields, according to the
RTV scaling (7), the density nSXT ≈ n∗ ≈ 7 × 109 cm−3 . As
seen, the drop in the filament temperature, T SXT /T TR, by a factor of 5 results in a density reduction, nSXT /nTR , of a factor of
only 1.75, i.e., during the radiation cooling, the scaling n ∝ T 0.35
holds. This rate of material leaving the radiatively cooling filament is close to the value predicted by numerical simulations
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(Jakimiec et al. 1992; Cargill et al. 1995). At this temperature
and density the lifetime of SXT-detected filaments is, according to Eq. (1), equal to (Δt)SXT ≈ 3 × 103 s, which is six times
longer than (Δt)TR . This implies that hot, dense filaments observed by SXT have filling factors as large as fSXT ≈ 6 fTR ≈ 0.1
in the bright area of the coronal active region. The same trend of
higher filling factors being detected by broad-band instruments,
was also reported for simultaneous NIXT and Yohkoh/SXT data
presented by Di Matteo et al. (1999). The respective SXT mean
emission count per pixel can be derived to be (see Fig. 1):
ISXT ≈ RSXT n2SXT l2 D fSXT (τe )SXT ≈ 2 × 103 , which as an
estimate is quite consistent with the one evaluated above from
Fig. 2b, where RSXT ≈ 2.6 × 10−42 (cm3 /s) is the response coefficient for the Al.1 filter of SXT (Tsuneta et al. 1991).
Furthermore, during the conductive stage of cooling the total
thermal energy of the filament does not change because the decrease in the plasma temperature is compensated by the increase
in its density due to chromospheric evaporation (Cargill 1994).
Therefore, thermal energy of SXT filaments is indicative of the
initial energy input, i.e., the energy of nanoflares. This yields the
following estimate for the nanoflare energy:
En ≈ 5nSXT kT SXT 2L ΔS ≈ 2 × 1024 erg.

(8)

Consequently, the overall energy budget in the active region area
covered by bright pixels becomes equal to
q=



dN
× En ≈ 2 × 107 erg/cm2 s .
dt dS

(9)

3. Summary and conclusions
We have demonstrated that the analysis of small fluctuations in
the coronal emission can provide an eﬀective tool for probing
the mechanism that maintains high plasma temperature in the
corona of the Sun. The presented study highlights strongly the
impulsive nature of the coronal heating by numerous energydeposition events (nanoflares). It is shown how simultaneous
TRACE and Yohkoh/SXT observations can be used for deducing the occurrence rate and the energy of individual nanoflares,
as well as the overall energy budget of the coronal active region.
The suggested heating scenario, when the hot corona is
viewed as a superposition of impulsively heated strands (filaments) provides a self-consistent interpretation of observational
data and resolves some diﬃculties met by the static heating models (such as, for example, “over-density” of TRACE loops). It
also implies that discussions (see, e.g. Aschwanden et al. 2007)

about the true location of a primary energy release (e.g., upper chromosphere, or lower corona) are not so relevant because
the subsequent chromospheric evaporation brings about the very
same observable consequences.
Finally, this corona does not represent a steady heating of
a pre-existing hot dense plasma: the primary magnetic energy
dissipation is likely to occur in a much cooler and rarefied environment. This may have important implications for evaluating
the eﬀectiveness of various energy-release mechanisms, such as
magnetic reconnection (see, e.g., Uzdensky 2007).
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