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Abstract. The plasma response inside a semicircular coronal loop heated by nanoflares is examined. The loop is thermally and
gravitationally stratified. The losses due to thermal conduction and radiation are balanced by localised energy pulses randomly
deposited along the loop. The initial stage of the loop evolution during which the temperature along the loop gradually increases
from chromospheric to coronal values is completed about 20 minutes after the start of the heating. The random heating produces
a thin transition region which is in a continuous motion. The profiles of the C1v, O vi, Ne vin and Mg x resonance lines, which
have peak formation temperatures covering the upper transition region and lower corona, are synthesised. The line shifts and
the average shifts are calculated and compared with the observations. It is shown that the nanoflare heating mechanism may
reproduce the observed dynamics of the transition region lines. The calculated and previously measured average Doppler shift
values are in good agreement for the studied spectral lines except for the Civ line. Possible reasons for this discrepancy are
discussed. The study also shows that the nanoflares could contribute to the oscillation power often seen in the mHz ranges. The

power peak of the resulting oscillations is near 2 mHz.
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1. Introduction

Solar observations indicate that the heating of the corona is as-
sociated with magnetic activity. The loop-like magnetic struc-
tures are identified as the building-blocks of the solar atmo-
sphere (Rosner et al. 1978). The heating mechanism of these
building blocks, however, is not yet established. Parker (1988)
suggested that the corona is heated by many small and localised
bursts of energy called nanoflares. The loops are wound and

wrapped around each other due to the continuous shuffling of
their photospheric footpoints. This leads to magnetic reconnec-
tion between neighbouring loops. According to Parker (1988)
the energy released by each event is about 10%* erg, hence the
term nanoflare. Observations of solar flares indicate a power

law for their energy distribution with a slope of about § = —1.6.
However, Hudson (1991) pointed out that for the corona to be
heated by nanoflares, the slope would need to be more negative

than -2, i.e., the nanoflares must satisfy a different distribu-

tion function and, therefore, they may be generated by a differ-
ent physical mechanism. Studies of small-scale brightenings in
the quiet Sun and active regions have shown a power law both
steeper and shallower than —2 (Aschwanden & Parnell 2002).
Therefore, no definitive conclusion has been reached at this
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time. Since the nanoflare concept was put forward, there have

been significant developments in both reconnection theory and
solar observations (SoHO, TRACE). In the light of these de-
velopments, the interaction between theory and observations
becomes increasingly important. There are two possible ways
in which this interaction can take place.

In the first instance, the observations are used as an input
for theoretical modelling to determine the structure and hydro-
dynamic properties of the plasma occupying the loops. Walsh
et al. (1995), (1997) have investigated the effects of time de-
pendent heating assuming that the plasma evolves isobarically.
The time dependence is either periodic or random whereas the
spatial dependence is ignored. They found that the small scale
and frequent events are able to maintain a coronal loop at typ-
ical coronal temperatures. The plasma may cool to chromo-
spheric temperatures in the case of larger energy events which
occur less frequently. Mendoza-Bricefio et al. (2002) have stud-
ied the effects of spatially and temporally localised heating
events. The initial loop atmosphere with an apex temperature
of 0.55 MK is maintained by constant uniform heating. The
energy pulses are periodic or random, located near the loop
footpoints. It is found that these successive localised energy
inputs can maintain the plasma along the loop at coronal tem-
peratures. Mendoza-Bricefio et al. (2005) extended their study
to show that the footpoint heating of coronal loops may also
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lead to their catastrophic cooling. Muller et al. (2004) showed
that catastrophic cooling may take place in the case of constant
footpoint heating.

In the second case, theoretical ideas are tested by gener-
ating observable quantities from models of coronal heating
and comparing them with real observations. This approach
has been adopted by several authors in different contexts.
Cargill (1993), (1994), Cargill & Klimchuk (1997), Klimchuk
& Cargill (2001) developed a series of models which calcu-
lated observables from the nanoflare model for coronal heating.
In particular, they calculated the differential emission measure
which is an important diagnostic of the coronal heating process
and gives indications of the distribution of coronal plasma as
a function of temperature and density. In addition, filling fac-
tors defined for broadband and narrow-band instruments were
calculated. Cargill & Klimchuk (2004) addressed the impact
of power-law heating functions on the emission-measure dis-
tribution, density and filling factor. Explosive events in the so-
lar atmosphere were modelled by Sarro et al. (1999) and Innes
& Tbth (1999). Sarro et al. (1999) took into account the ef-
fects of non-equilibrium ionisation. It was shown that these
events lead to enhancements in the intensities of lines formed
between 20,000 K and 200,000 K, accompanied by strong non-
gaussian profiles. Roussev et al. (2001a) extended these simu-
lations into a 2D environment. Analysis of spectral line pro-
files show that optically thin transition region lines display a
net red-shift (Doschek et al. 1976; Dere et al. 1984; Athay
& Dere 1989; Chae et al. 1998; Teriaca et al. 1999a; Peter &
Judge 1999; Doyle et al. 2002). These red-shifts are often ac-
companied by blue-shifts at higher temperature lines. The red-
shifts have been observed in coronal holes, quiet sun regions,
and active regions. There have been many attempts to under-
stand their physical origin. Pneuman & Kopp (1977) and later
Athay & Holzer (1982) hypothesised that the red-shifts were
caused by the return of spicular material. A numerical study
of a spicule upflow followed by a cooling phase performed by
Mariska (1987) could not reproduce the observed behaviour.
McClymont & Craig (1987) showed that asymmetric heating
of coronal loops may drive siphon flows through coronal loops.
As the condensing leg with the downflow dominates the emis-
sion, a net red-shift would be observed. However, the obser-
vations seem inconsistent with a steady flow model. Mariska
(1988) found that time-dependent asymmetric heating causes
red-shifts and blue-shifts. However, this model predicts blue-
shifts for middle transition region lines, contrary to the obser-
vations. Spadaro et al. (1990) showed that the inclusion of non-
equilibrium ionisation has little effect on the results. Hansteen
(1993) interpreted the red-shifts as a manifestation of down-
ward propagating acoustic waves. The waves are assumed to
be generated near the loop apex as a result of nanoflares or
some other form of episodic heating which is superimposed
on the uniform constant background heating. After the initial
stage of evolution is completed, the middle transition region
lines are predominantly blue-shifted, which is again inconsis-
tent with the observations. Teriaca et al. (1999b), Spadaro et al.
(2003) studied the consequences of a single heating pulse in a
1D loop. The initial stages of evolution are followed by quasi-
steady flows when the heating pulse is completed. Meanwhile,

according to observations, the flows in the transition region
lines are highly dynamic and variable. Recently Gudiksen &
Nordlund (2005) modelled a small part of the corona in a
3D computational box using a potential extrapolation from a
SoHO/MDI magnetogram. The heating of a small active region
by the field line braiding mechanism was simulated. A realistic-
looking corona consisting of a number of loop-like structures
was generated. Peter et al. (2004) extended this study to syn-
thesise emission line spectra. They found a clear red-shift for
almost all emission lines from the low corona and transition
region (EUV; 500-1500 A). The results of this numerical ex-
periment look promising despite the limited vertical resolution
of the transition region (> 150 km).

In the present work we apply the nanoflare heating mecha-
nism to a single 1D loop model. The nanoflares are represented
as episodic heating events randomly distributed along the loop.
The evolution of the loop from an initial chromospheric tem-
perature of 20,000 K is studied. The hydrodynamic implica-
tions of this mechanism are examined. The model contains an
adaptive grid with a very high spatial resolution in the nar-
row transition region. This allows us to study the dynamic be-
haviour of the transition region and adequately synthesise the
emission line profiles. The observational consequences of the
nanoflare model in terms of the line profiles and Doppler shifts
are discussed. The time series of the line shifts are Fourier anal-
ysed to see if the nanoflares could be responsible for some of
the oscillations observed in the transition region and corona.

2. Loop modelling and the initial state

In this section we introduce the loop model and the governing
equations of the plasma motion inside the loop. It is assumed
that the motion inside the loop is essentially guided along the
magnetic field lines. Therefore, the loop can be represented as a
1D semicircular magnetic flux tube with footpoints anchored in

the deep chromosphere. In addition, a constant cross-sectional
area of the loop and no inclination at the footpoints are as-
sumed. The plasma motion inside the loop is governed by the
1D hydrodynamic equations for the conservation of mass, mo-
mentum and energy:
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In the above Egs. (1)-(4) t is time, s is the distance along the
loop, and p, v, € p are the density, velocity along the loop,
energy density and pressure, respectively. The quantity S rep-
resents the net effect of sources and sinks of energy, y is the
adiabatic index,
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Fig. 1. A 40 Mm long loop with an initial temperature of T = 2 x 10*
K is in hydrostatic equilibrium.

is the gravitational acceleration along the loop and g = 2.74 %
10*cms2. Here L is the total length of the loop. The set of
Egs. (1)-(4) is completed by the perfect gas law

R
p = TpT’ (6)
u
where T is the temperature, R, and j are the gas constant and
the mean molecular weight, respectively.
The term S in Eq. (3) can be represented in the form
S=H-—=-n?A. 7
o ()
The first term in Eq. (7) is the heating rate to be specified. The
second term represents the thermal conduction along the mag-
netic field; K is the conductive flux along the field given by

oT
2 —
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where x = 107 ergs~*K~tcm™! is the coefficient of thermal
conduction along the field. The third term represents optically
thin radiative losses: n is the number density and A = A(T) is
the radiative loss function. The details of how this function is
implemented in our calculations are described in Bradshaw &
Mason (2003).

We consider a 40 Mm long loop. The loop is initially in
hydrostatic equilibrium is shown in Figure 1. The equilibrium
is derived by integrating the hydrostatic equations of pressure
and energy. It is kept at a constant temperature of T = 2 x
10% K. The heating H and the radiative loss function A are
initially switched off and there are no thermal losses because
of the constant temperature. This means that the net effect of
sources and sinks of energy S is initially set to zero in Eq. (3).

Fo=—»T"

3. Nanoflare heating and the hydrodynamic
evolution of the loop

In this section we investigate the hydrodynamic response of the
loop to the nanoflare heating. The nanoflares are represented in

the form of episodic heating events which occur randomly in
time and have a random duration. This type of modelling has
already been done in the past (Walsh et al. 1997; Mendoza-
Bricefio et al. 2002). An extra constant background heating
term was added which would maintain the loop atmosphere at
coronal temperatures in the absence of the nanoflares. In the
present paper we assume that the entire heating is due to the
nanoflares. Thus the heating rate is represented in the follow-
ing form:

n
H =) Hi(t9) ©)
i=1
where Hi(t,s), i = 1,...,n are the discrete episodic heating

events and n is the total number of the events. The present
model therefore allows us to address various important aspects
of the hydrodynamic response of the loop to nanoflares such as
the evolution of the loop from chromospheric to coronal tem-
peratures, the formation of the transition region and its dynamic
behaviour in time.

In recent years there have been a number of speculations re-
garding the distribution of the heating function along the loops.
Priest et al. (1998) have argued that the heating is uniform
along the loop, whereas the TRACE observations of isother-
mal loops favour the idea that the heating is concentrated near
the loop footpoints (Aschwanden et al. 2001). The latter view
is supported by the numerical simulations of Gudiksen et al.
(2005). Recent work by Ugarte-Urra et al. (2005) where they
derive the electron density variability along a loop, coupled
with one dimensional hydrodynamic modelling also suggest a
best fit case where the total energy input is directed preferen-
tially to the loop footpoint with the heating rate being three
times larger at the base than at the apex.

Itis plausible that different types of loops are heated in dif-
ferent ways. In the present work we assume, for simplicity, that
the episodic heating events are distributed randomly along the
entire length of the loop above the chromosphere. Each heating
event has the form

. a(t-t)
Hi(t,s) = Epsin .
0, otherwise,

S— S
expl S',ti<t<ti+‘1’i,

(10)

where Eg is the maximum heat input and s, is the heating scale
length. The offset time t;, the duration ;, and the location s of
each heating event i can be written as

ti = Qitiora, Ti = BiTma: S = Smin + ¥i(L — 2Smin), (11)

where «; B, y; are random numbers between 0 and 1, tiga iS
the total duration of the simulations, Tmax is the maximum du-
ration of a single heating event and sy, is the minimum height
below which the heating is switched off. We assume that the
minimum height of the nanoflare heating is located at the top
of the chromosphere. The chromosphere is kept at a constant
temperature of Ten = 2 x 10* K.

Although the solar transition region and corona are clearly
in a dynamic state, in the present paper we make the simpli-
fying assumption that the ion populations and radiative losses
remain in equilibrium. Recently Bingert et al. (2004) have ar-
gued that this assumption could be justified for a number of
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Fig. 2. The evolution of temperature, velocity, pressure and density inside the loop fromt = 0 s to t = 5200 s. The dark colours indicate high
temperature, low pressure, low density and negative velocities, whereas the bright colours indicate low temperature, high pressure, high density

and positive velocities.

ions (e.g., Cu, Civ, Ovi, Nexm) when the flow speeds are
moderate inside the loop. On the other hand, the results of , e.g.,
Bradshaw & Mason (2003a,b), Bradshaw et al. (2004) showed
that the transition region and coronal ion populations can depart
from equilibrium for sub-sonic flows. We plan to investigate
the effects of non-equilibrium ion populations in a forthcoming
paper. The radiative loss function A = A(T) is suppressed be-
low the chromospheric temperature of T, = 2 x 10* K. This

helps to avoid the numerical instability due to the n? depen-
dence of radiation and it reflects the fact that the chromosphere
is mostly optically thick and so does not radiate as strongly
as the overlying atmospheric layers (see, e.g., Klimchuk et al.
1987; Antiochos et al. 1999; Spadaro et al. 2003; Bradshaw &
Mason 2003a,b).

The following values are set for the parameters in Egs. (10)-
(11): Eo = 05 erg cm3s%, s = 108 cm, tyg = 5200 s,
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Tmax = 40'S, Smin = 2 x 108 cm. The total number of random
heating pulses deposited along the loop between the start at
t = 0 s and the end of the simulations att = 5200 sis h =
104. Egs. (1)-(3) are integrated using HYDARD (Bradshaw &
Mason 2003a,b). An adaptive regridding scheme is used in or-
der to ensure that the small-scale spatial features along the loop,
which arise due to the random nanoflare heating, are correctly
resolved.

The time-distance plots in Figure 2 show the evolution of
the temperature, velocity, pressure and density inside the loop.
There are two stages in the loop evolution: the initial stage
(from 0 to 1200 s ) characterised by temperature increase and
the main stage (from 1200 s until the end of the simulations).
During the initial stage the apex temperature increases and
quickly reaches coronal values. In contrast to the apex, the tem-
perature increase near the footpoints is slower. Figure 2 shows
that the temperature increase near the footpoints of the loop is
completed by t=1200 s (20 min). The nanoflare heating leads
to the formation of a narrow transition region which separates
the bright regions representing the cool chromosphere from the
darker regions representing the corona. The adaptive regridding
scheme allows us to accurately trace the position of the transi-
tion region as the plasma inside the loop evolves. The typical
spatial resolution inside the transition region is on the order of
100 m. Figure 2 shows that the transition region is in a con-
tinuous motion. The displacement can be as large as 1 Mm.
The temperature in the coronal part of the loop is characterised
by rapid changes. The apex temperature varies between 2 and
4 MK. Thus the nanoflare heating is able to sustain the loop at
coronal temperatures by balancing the losses due to optically
thin radiation and thermal conduction. It also leads to the for-
mation of a dynamic and narrow transition region.

The initial flows with large velocities (over 100 km's 1)
which can be seen at the beginning of the simulations, gradu-
ally settle down during the initial stage of the loop evolution.
However, these longitudinal flows remain highly variable un-
til the end of the simulations. The flow speeds are the highest
in the coronal part of the loop where they can vary by up to
50 km st in less than a minute.

Figure 2 also displays the evolution of pressure and density
along the loop. These quantities increase in the coronal part
of the loop during the initial heating stage and remain nearly
constant at the footpoints.

Additional simulations show that the loop is subject to
catastrophic cooling at certain stages of its evolution if the heat-
ing is concentrated near the footpoints. This is in agreement
with the results of Mendoza-Bricefio et al. (2005). It is also
possible to sustain the loop at higher (lower) temperatures by
increasing (decreasing) the total number of pulses n or the max-
imum duration of the events Tma. However, the detailed exam-
ination of these problems is beyond the scope of the present

paper.
4. Observational consequences of nanoflare
heating

Figure 2 shows the hydrodynamic evolution of the loop in re-
sponse to the heating by nanoflares. However, one cannot com-

pare these results with real observations. In order to do that
we need to express the results in terms of observable quantities
such as emission line profiles and Doppler shifts.

4.1. Line synthesis

The following procedure is applied to calculate the line pro-
files. We select some of the lithium-like ions which have for-
mation temperatures covering the upper transition region and
the lower corona. The ion populations are calculated using
HYDRAD. The atomic data for the calculation of emissivi-
ties are provided by the recent version of the CHIANTI atomic
database (Young et al. 2003). The emissivity of a resonant line
per unit interval of wavelength is given by the expression (see,
e.g., Withbroe 1981; Spadaro et al. 1990; Sarro et al. 1999)

exp oy
\/T

where h is the Planck constant, c is the speed of light, Q is
the collisional strength, w is the statistical weight of the lower
level, N1/Nion is the ratio of ions responsible for the emission in
the ground state relative to the total number of ions per unit vol-
ume, Nion/Ngem is the relative abundance of the ionic species,
Neem/Np is the abundance of the element relative to hydrogen,
Ny is the proton density, Ne is the electron density, W is the
energy difference between the upper and lower levels, kg is the
Boltzman constant, and

o« h_Cg N1 Nion Neem
A @ Nion Ngem NH

Ex NHNe o), (12

D) =

2
A—AO—AS] 13)

exp — [ A

1
Ado\r
is the line broadening function. In the above definition 4 is
the rest wavelength of the resonance line, s = (1o/C)vp is the
Doppler shift corresponding to the bulk velocity of the plasma
projected on the line of sight vy, Adg is the Doppler width of
the line:

Ao = Ao [2ksT

c m

and m is the mass of the ion producing the spectral line. The
results of the preceding section have shown that the initial stage
of the loop evolution is completed by t = 1200 s. In the follow-
ing analysis the spectral line profiles are calculated for the main
stage, i.e., from t = 1200 s until the end of the simulations at
t = 5200 s. The line intensities are calculated in normalised
units. The normalisation is with respect to the maximum in-
tensity of the corresponding line emitted at t = 1200 s. The
line shifts can be expressed both in wavelength units (A) and in
velocity units ( km s™1). Positive velocities represent red-shift
and negative velocities represent blue-shift. The Doppler shift
depends on the positioning angles of the loop on the solar disk.
For simplicity, only loops at the disk centre are considered. The
total intensity of a spectral line integrated along a loop segment
[Sieft, Srignt] IS

(14)

Sright
(A1) = f

Seeft

E(At, s)ds, (15)
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Fig. 3. Line profiles for C1v 1548.20 A, O v1 1031.93 A, Ne v 770.43 A and Mg x 624.97 A near the left (left column) and right (right column)
footpoints. The calculations are done from t = 1200 s to t = 5200 s. The intensity of each line is normalised with respect to the corresponding

maximum intensity at t = 1200 s.

Previous works dealing with the line synthesis have mainly
considered the intensity integrated along the entire loop from
0 to L (Spadaro et al. 1990; Sarro et al. 1999; Teriaca et al.
1999b). In the present work, the intensities near the footpoints
of the loop are studied. For the first segment near the left foot-

point Segt = 2 Mm, Sigw = 5 Mm. For the second segment
near the right footpoint Sert = 35 Mm, Signt = 38 Mm. These
two segments surround the transition region where the selected
resonance lines have their emission peak (about 1-2 orders of
magnitude higher than the emission in the rest of the loop).
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Fig.4. The Doppler shifts of the C1v, O vi, Ne vin and Mg x resonance lines near the left (left column) and right (right column) footpoints
measured in km s71 as functions of time measured in s. The line shifts are plotted from t = 1200 s to t = 5200 s.

Also, the Doppler shift near the footpoints is expected to be
relatively large due to the alignment with the line of sight. The
projection of these segments on the solar disc is about 800 km
which is within the resolution limit of current spectrometers.

For the range of electron densities considered here, the as-
sumptions within CHIANTI are valid, however, as Doyle et al.
(2005a), (2005b) has shown considering the electron density
dependence of dielectronic recombination coupled with colli-
sional ionisation from metastable levels can change the line in-
tensity of many resonance lines at higher electron densities.

4.2. Dynamics of the transition region lines

The selected lines are Civ 1548.20 A, Ovr 1031.93 A,
Ne vin 770.43 A and Mg x 624.97 A. These lines represent the
lithium isoelectronic sequence and have peak formation tem-
perature of logTecy = 5, logTovi = 5.5, 10g Tnevin = 5.9,
log Tmgx = 6.1. Therefore, they can be used to study the
dynamics of the upper transition region and lower corona.
Figure 3 displays the selected line profiles. These plots show
that the C1v, O vi, Ne vir and Mg x line emissions coming out
from the loop due to the nanoflare heating do not vary too much
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Table 1. Average Doppler shifts in km s™*. Positive velocities represent red-shifts and negative velocities represent blue-shifts.

Source Civ Ovi Ne vIiI Mg x
Brekke et al. (1997) 6 5 5 6
Chae et al. (1998) 9.6 8.7 5.3 3.8
Teriaca et al. (1999a)? 10.2 AR, 4.9QS 8.7 QS -78 AR, -1.9QS -
Peter & Judge (1999) 4.5 5.6 -2.4 -45
Doyle et al. (2002)® — 4.8 WNR, 10 SNR -8 NR, 5BNR —
Present modelling results

Left footpoint 19 4.2 4.1 2.8
Right footpoint 2.1 4.2 4.2 3

8 AR refers to an active region and QS refers to the quiet Sun

b WNR refers to a weak network region, SNR stands for a strong network region and BNR stands for a bright network region

during the main stage of the loop evolution. The Gaussian pro-
files seen in Figure 3 also suggest that the line shifts have sin-
gle components. This is due to the small scale of the energies
involved. Higher energy events such as explosive events are
characterised by highly non-Gaussian line profiles. Sarro et al.
(1999) and Roussev et al. (2001b) found that soon after the
onset of the high energy injection the line profile experiences
a sudden increase in intensity and splits into two components
with opposite wavelength shifts. The resulting loop emission
can outshine by more than two orders of magnitude the emis-
sion from the quiet loop. In the present case there is no split-
ting of the line profiles. Figure 4 shows the line shift in Cv,
O vi, Ne vit and Mg x plotted as a function of time. The plots in
Figure 4 show that in all cases the line shift is highly variable. It
typically varies between —10 and 20 km s~ and it can change
by 20 km st in less than a minute. These results are consis-
tent with the observations of Doyle et al. (2002) who studied
the temporal variability in the Doppler shift of transition re-
gion lines. High cadence datasets in Cm, O vi and Ne vin were
analysed in an effort to establish the extent of the Doppler shift
variability in different regions of the quiet Sun. Within each
of these regions short time-scale variability for the Doppler
shift was established. In some cases the line shift could change
by 15 km st in less than a minute. It was found that the
line shift in Cm (which has a peak formation temperature of
log Tew = 4.8) ranges from —2 km st to 20 km s~ and the
line shift in O v1 could range from -2 km s~ to 15 kms~2. In
the case of Ne vim substantial difference was found between in-
ternetwork and bright network regions with the bright network
being more red-shifted. The plots displayed in Figure 4 com-
pare well with the corresponding observational plots for the
line shifts displayed in their Figures 1-3. These results show
that the nanoflare model is able to reproduce the dynamics of

the transition region lines observed by Doyle et al. (2002).

4.3. Average Doppler shifts

Another important question concerns the average Doppler
shifts. Much effort has been devoted to the acquisition and
understanding of the average Doppler shifts of emission lines
formed in the solar corona and transition region (Doschek et al.

1976; Mariska et al. 1978; Feldman et al. 1982; Dere et al.
1984; Klimchuk 1987; Athay & Dere 1989; Rottman et al.
1990; Brekke et al. 1997; Chae et al. 1998; Teriaca et al. 1999a;
Peter & Judge 1999; Doyle et al. 2002). These observations
have revealed that the transition region lines in the chromo-
spheric network are predominantly red-shifted. This observa-
tional fact has long been recognised as an important clue to the
processes in the solar atmosphere, prompting several authors
to build physical models of a remarkably wide variety to try to
account for this phenomenon. Some of the ideas put forward in
the past are summarised in the Introduction.

The present nanoflare heating model reproduces the red-
shifts in the transition region lines seen in the observations. The
results of some of the above mentioned observational studies
are compared with the results of the present paper in Table 1.
For Cur, Doyle et al. (2002) found a range of average red-
shifts: 8 km s™t in a network regions, 2 km s~1 in an internet-
work region, and 13 km s~1 at the boundary of a bright network
region. Comparing the C1v modelling results with the corre-
sponding observational results, we see that the average Doppler
shift predicted by the model is somewhat lower than the values
reported in the literature. This discrepancy could be attributed
to the fact that the present model does not take into account the
non-equilibrium ionisation. Another contributing factor could
be the form of the heating function. The present model assumes
that the heating is randomly distributed along the entire length
of the loop above the minimum height. A heating function con-
centrated near the footpoints of the loop could increase the av-
erage red-shift in the C v emission line. These effects need to
be taken into account in future studies. The agreement is better
in the case of the O v line. For Ne vir and Mg x the observa-
tions show a range of values. Dayle et al. (2002 ) have found an
average red-shift in a network region and blue-shift in a bright
network region.

Most observations indicate that the average Doppler shifts
decrease or become negative as we move from the lines formed
at transition region temperatures to the lines formed at higher
coronal temperatures. The present model reproduces this trend
seen in the observations. The average Doppler shift values for
Ne v and Mgx could become negative if the heating takes
place at the footpoints of the loop: the pressure increase at the
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Fig. 5. Normalised power spectra derived for the time series of the Doppler shifts of the C1v, O vi, Ne vir and Mg x resonance lines near the left
(left column) and right (right column) footpoints. The normalisation is with respect to the highest peak in the spectrum. Frequency is measured

in mHz.

footpoints due to the heating could drive flows in opposite di-
rections which would contribute to the increase of the red-shift
at lower temperatures (C v and O vi lines) and the increase of
the blue-shift at higher temperatures (Ne vir and Mg x lines).

4.4. Oscillation signatures

Finally, we examine the possibility of the nanoflare heating
mechanism being related to the oscillations seen in the solar
transition region and corona.

For the C 1v resonant line, Athay & White (1979) found that
small-amplitude aperiodic fluctuations characterised most of
the data. About 20 percent of the data showed fluctuations with
power in the 3-5 mHz range. They interpreted the C 1v results as
suggesting that sound waves are common at 10° K in the transi-
tion region, but that often their passage through the upper chro-
mosphere and transition region has destroyed their periodicity.
Judge et al. (1997) have reported on SUMER observations of
small-amplitude (2—5 km s™1) coherent oscillations of ~ 130 s
period in Doppler shifts of Sim (log Tg ., = 4.6) between re-
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gions of bright network elements. Doyle et al. (1998) analysed
the power spectra for line intensities of several lines formed
in the transition region around 100000 to 250000 K. Clear pe-
riods were observable in the 2-5 mHz range with the largest
power peak at 3 mHz. A smaller peak was seen at around 5.0
mHz. In one dataset a period approaching 10 min (1.5 mHz)
was present. Banerjee et al. (2001) examined the time-series
of spectral data obtained from CDS and SUMER. The transi-
tion region lines showed intensity and velocity power in the
2-4 mHz range.

In order to establish the presence of any oscillations in our
model, we have Fourier analysed the Doppler shift time-series
for each spectral line. The resulting power spectra are plotted
in Figure 5. These plots indicate the presence of power peaks at
around 2, 5 and 12 mHz with the largest power peak at around
2 mHz. The power decreases at higher frequencies. The peaks
could be explained by the fact that any perturbation of the sys-
tem is represented as a superposition of its normal modes, i.e.,
standing acoustic waves. The periods of these waves are ap-
proximately given by the expression

2L
p=22=

= s n=12,...
NCs

(16)
The frequencies of the standing waves are modified by the ef-
fects of stratification, thermal and radiative losses, and by the
changing sound speed cs inside the loop. The average temper-
ature inside the loop is about 1.9 MK. Using Eqg. (16) we find
that the approximate period of the fundamental mode (n = 1) is
421 s. This corresponds to a frequency of 2.3 mHz. Therefore,
the highest peak seen in Figure 5 corresponds to the fundamen-
tal mode. The smaller peaks represent the higher harmonics.
A more detailed examination of the nanoflare triggered oscilla-
tions in different loops will be presented in a forthcoming letter.

These results suggest that the nanoflares may contribute to
the power in the observed ranges. However, alternative mecha-
nisms should not be discarded. In particular, a possible source
for the 3 mHz (5 min) oscillations observed in the transition
region and corona could be the solar p-modes propagating
upward along the magnetic flux tubes. Recent studies by De
Pontieu et al. (2004), (2005) have shown that the photospheric
oscillations can actually tunnel through the acoustic cutoff bar-
rier and propagate into the corona so long as they are guided
along an inclined magnetic flux tube.

5. Conclusions

The present work deals with the nanoflare heating mechanism

when the hydrodynamic response of a single loop is investi-
gated. The nanoflares are represented in the form of episodic

heating events randomly deposited along the loop. A 40 Mm
long loop is considered in which the effects of gravitational
stratification, optically thin radiative losses and thermal con-
duction are taken into account. The loop is initially kept at a
constant chromospheric temperature of 20,000 K. The initial
stage of the loop evolution is completed about 20 minutes af-
ter the start of the nanoflare heating simulations. During this

stage the temperature gradually increases along the loop and
the loop is subsequently maintained at coronal temperatures. A

narrow and continuously moving transition region is formed.
The displacements could be as large as 1 Mm. The results are
converted into observable quantities by synthesising the emis-
sion line profiles for Civ, Ovi, Nevin and Mgx. These res-
onance lines have peak formation temperatures covering the
upper transition region and lower corona. The study reveals
that the nanoflare heating could account for the observed dy-

namic behaviour of the lines. The nanoflare heating could also

be responsible for the average red-shifts seen in the transition
region. We suggest that the discrepancy between the observed
and predicted values for the C 1v average Doppler shift could be
explained by the fact that the present study does not take into
account the non-equilibrium ionisation and footpoint heating.
The footpoint heating could also lead to average blue-shifts at
higher temperature lines. These effects should be studied in fu-
ture work. It is shown that the nanoflare heating may contribute

to the oscillation power in the observed mHz ranges. However,
the source of the most commonly seen 3 mHz oscillations is
probably different. A possible candidate could be the solar p-
modes propagating upward along the magnetic flux tubes.

Acknowledgements. Research at the Armagh Observatory is grant-
aided by the N. Ireland Dept. of Culture, Arts and Leisure. YT would
like to thank Prof. R. Erdélyi for the initial discussions. YT is also
grateful to PPARC for grant PPA/G/S/2002/00020. SJB acknowledges
support from a PPARC Rolling Grant. The simulations were run on
the Armagh cluster, funded by a PRTLI research grant for Grid-
enabled Computational Physics of Natural Phenomena (Cosmogrid).
CHIANTI is a collaborative project involving the NRL (USA), RAL
(UK), and the Universities of Florence (Italy) and Cambridge (UK).
The authors thank the anonymous referee for the constructive remarks.

References

Antiochos, S. K., MacNeice, P. J., Spicer, D. S., Klimchuk, J. A., 1999,
ApJ, 512, 985

Aschwanden, M. J., Schrijver, C. J.. Alexander, D., 2001, ApJ, 550,
1036

Aschwanden, M. J., & Parnell, C. E., 2002, ApJ 572, 1048

Athay, R. G., & White, O. R., 1979, ApJ, 229, 1147

Athay, R. G., Holzer, T. E., 1982, ApJ, 255, 743

Athay, R. G., & Dere, K. P., 1989, ApJ, 346, 514

Banerjee, D., O’Shea, E., Doyle, J. G., Goossens, M., 2001, A&A,
371, 1137

Bingert, S.; Peter, H.; Gudiksen, B, et al. , 2004, in Proc. SOHO 15,
ESA SP-575, 348

Bradshaw S. J., & Mason H. E., 2003a, A&A, 407, 1127

Bradshaw S. J., & Mason H. E., 2003b, A&A, 407, 1127

Bradshaw S. J., Mason H. E., Del Zanna, 2004, A&A, 425, 287

Brekke, P., Hassler, D. M., & Wilhelm, K., 1997, Solar Phys., 175,
349

Cargill, P. J., 1993, Solar Phys., 147, 263,

Cargill, P. J., 1994, ApJ, 422, 381

Cargill, P. J., & Klimchuk, J. A., 1997, ApJ, 478, 799

Cargill, P. J., & Klimchuk, J. A., 2004, ApJ, 221, 135

Chae, J., Yun, H. S., & Poland, A. I., 1998, ApJS, 114, 151

De Pontieu, B., Erdélyi, R., & James, S. P., 2004, Nature, 430, 546

De Pontieu, B., Erdélyi, R., & De Moortel, I., 2005, ApJ, 624, L61

Dere, K. P., Bartoe, J.-D. F., & Brueckner, G. E., 1984, ApJ, 281, 870

Doschek, G. A., Bohlin, J. D., Feldman, U., 1976, ApJ, 205, L177

Doyle, J. G., van den Oord, G. H. J., O’Shea, E., Banerjee, D., 1998,
Solar Phys., 181, 51



Y. Taroyan et al.: Nanoflare heating of coronal loops: hydrodynamic response and observational consequences

Doyle, J. G., Madjarska, M. S., Roussev, |., Teriaca, L., Giannikakis,
J., 2002, A&A, 396, 255

Doyle, J.G., Summers, H.P., Bryans, P., 2005a, A&A 430, L29

Doyle, J.G., Ishak, B., Ugarte-Urra, I., Bryans, P., Summers, H.P,,
2005b, A&A (in press)

Feldman, U., Cohen, L., & Doschek, G. A., 1982, ApJ, 255, 325

Gudiksen, B. V., & Nordlund, A., 2005, ApJ, 618, 1020

Hansteen, V. H., 1993, ApJ, 402, 741

Hudson, A. N., 1991, Solar Phys., 133, 357

Innes, D. E., Toth, G., 1999, Solar Phys., 185, 127

Judge, P., Carlsson, M., Wilhelm, K., 1997, ApJ, 490, L195

Klimchuk, J. A., 1987, ApJ, 323, 368

McClymont, A. N., & Craig, I. J. D., 1987, ApJ, 312, 402

Klimchuk, J. A., Antiochos, S. K., Mariska, J. T., 1987, ApJ, 320, 409

Klimchuk, J. A., & Cargill, P. J., 2001, ApJ, 553, 440

Mariska, J. T., Feldman, U., & Doschek, G. A., 1978, ApJ, 226, 698

Mariska, J. T., 1987, ApJ, 319, 465

Mariska, J. T., 1988, ApJ, 334, 489

Mendoza-Brice To, C. A., Erdélyi, R., Sigalotti, L. Di G., 2002, ApJ
579, L49

Mendoza-Brice o, C. A,, Sigalotti, L. Di G., Erdélyi, R., 2005, ApJ
624, 1080

Muller, D. A. N., Peter, H., & Hansteen, V. H., 2004, A&A 289, 300

Parker, E. N. 1988, ApJ, 330, 380

Peter, H., Judge, P. G., 1999, ApJ, 522, 1148

Peter, H., Gudiksen, B. V., & Nordlund, A., 2004, ApJ, 617, L85

Pneuman, G. W., & Kopp, R. A., 1978, Sol. Phys., 57, 49

Priest, E. R., Foley, C. R., Heyvaerts, J., et al., 1998, Nature, 393, 545

Rosner, R., Tucker, W. H., Vaiana, G. S., 1978, ApJ, 220, 643

Rottman, G. J., Hassler, D. M., Jones, M. D., & Orrall, F., 1990, ApJ,
358, 69

Roussev, I., Galsgaard, K., Erdélyi, R., Doyle, J. G., 2001a, A&A,
370, 298

Roussev, 1. Doyle, J.G., Galsgaard, K., Erdélyi, R., 2001b, A&A 380,
719

Sarro, L. M., Erdélyi, R., Doyle, J. G., Pérez, M. E., 1999, A&A, 351,
721

Spadaro, D., Noci, G., Zappala, R., & Antiochos, S. K., 1990, ApJ,
355, 342

Spadaro, D., Lanza, A. F., Lanzafame, A. C., et al. , 2003, ApJ, 582,
486

Teriaca, L., Banerjee, D., Doyle, J. G., 1999a, A&A, 349, 636

Teriaca, L., Doyle, J. G., Erdélyi, R., & Sarro L. M., 1999b, A&A,
352, L99

Ugarte-Urra, |., Doyle, J.G., Walsh, R.W., Madjarska, M.S., 2005,
A&A (in press)

Walsh, R. W,, Bell, G. E., Hood, A. W., 1995, Solar Phys., 161, 83

Walsh, R. W,, Bell, G. E., Hood, A. W., 1997, Solar Phys., 171, 81

Withbroe, G. L., 1981, in Activity and Outer Atmospheres of the Sun
and Stars, ed. A. O.Benzetal., 1

Young, P. R., Del-Zanna, G., Landi, E., et al. , 2003, A&AS, 144, 135

11



