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Abstract. High cadence datasets taken in C  977 Å, O  1032 Å and Ne  720 Å were analysed in an effort to establish the
extent of the variability in the Doppler-shift of typical mid-transition region lines. The shortest time-scale variability seems to
occur in the network boundary regions where the line-shift can vary by 7–8 km s−1 in less than 1 min. The internetwork region
also shows variability although this tends to be longer lived, ∼2–3 min. The average line-shift in C  is a red-shift which ranges
from ∼2 km s−1 to ∼20 km s−1 with an average value for all regions selected being around 10 km s−1 in very good agreement
with that derived by others. The red-shift values indicate a clear difference between network and internetwork regions, with the
largest red-shift being present at the network boundary. For O , this gives an average red-shift ranging from 5 to 10 km s−1.
For Ne , there is a 13 km s−1 difference between internetwork and bright network plasma with the bright network being more
red-shifted. This could imply that the bright network regions are dominated by spicule down-flow.
In the second part we present results from 2-dimensional (2D) dissipative magnetohydrodynamic (MHD) simulations of the
response of the solar transition region to micro-scale energy depositions. A variety of temperatures at which the energy de-
position takes place as well as the amount of energy deposited are examined. This work is a continuation of previous related
simulations where small-scale energy depositions were modelled in 1D hydrodynamics. The observable consequences of such
transient events are then computed for three transition region lines, namely C  1548 Å, O  1032 Å, and Ne  770 Å, under
the consideration of non-equilibrium ionization.
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1. Introduction

It is now well established that spectral lines formed at around
100 000 K in the solar transition region exhibit a net red-shift. If
this observed red-shift can be attributed to plasma down-flow, it
should be very important from the point of the transition region
dynamics and may have implications for the energy balance in
the outer solar atmosphere. Models attempting to explain the
net mass flows in magnetic loops include those where the flows
are driven by asymmetries (such as heating or pressure imbal-
ances) between the two legs of the loop (Mariska & Boris 1983;
Mariska 1988; Spadaro et al. 1991) or by radiatively-cooling
condensations (Reale et al. 1997). Another model suggests that
the observed red-shift could be due to the return of spicular ma-
terial (Pneuman & Kopp 1978). This model has recently been
re-evaluated by Wilhelm (2000).
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Hansteen (1993) showed that red-shifted transition region
lines are predicted for downward propagating acoustic waves,
and blue-shifted lines are predicted when the perturbations
propagate towards the corona (Hansteen & Wikstøl 1994).
A followup study by Hansteen et al. (1977) give additional sim-
ulation results using nonlinear Alfven waves which give larger
line-shifts. In general, impulsive energy release (nano/micro-
flaring), at the top of magnetic loops can generate downward
traveling MHD waves, perhaps steepening into shocks and
leading to both red- and blue-shifts, depending on the line
formation temperature. Recently, Chae et al. (1997) showed
that the enthalpy flux due to down-flow determines the over-
all energy balance in the transition region at temperatures
below 105 K.

In a recent observational paper, we looked at the be-
haviour of spectral lines from the chromosphere to the corona
(Teriaca et al. 1999a). It was found that the Doppler veloci-
ties ranged from ∼0 km s−1 at ∼20 000 K to a red-shift of
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Fig. 1. Line radiance variations (erg cm−2 s−1 sr−1) and Doppler shift (km s−1) of the C  977 Å. An integration along the slit (left panel) was
performed over 4 pixels (as labeled). The left panel image represents the intensity along the slit. The data have a cadence of ∼18 s.

10 km s−1 at 1.9 × 105 K for the “quiet Sun”, and to ∼15 km s−1

at 105 K for an active region. At higher temperature an oppo-
site behaviour was observed. In the “quiet” Sun a blue-shift
of ∼−2 km s−1 was derived at the Ne  formation tempera-
ture (6× 105 K), while in the active region, a blue-shifted value
around −8 km s−1 was observed for the same spectral line.

The above observational work was, however, time-averaged
and did not cover the important area of time variability. Doyle
et al. (1998) found periods approaching ∼5 min to be present
in lines due to O , O  and O . In one dataset a period ap-
proaching 10 min was present for ∼40 min. The size of these
emitting features was limited to a few arcsec. In all datasets
examined, there was excess power below 4 mHz everywhere
along the slit, although the observed periods did not always
come from the most intense regions. Banerjee et al. (2001) in
an analysis of network data detected intensity as well as veloc-
ity oscillations for very small regions of the network bound-
ary, for a wide range of temperature lines starting from the low
chromosphere, N , to the transition region, O . The periods
were often intermittent, occurring only during part of the full
time sequence. Wikstøl et al. (2000) showed that in the inter-
network there was a phase shift relation between the intensity
of the continuum around 1043 Å and the O  line shifts that
could indicate the presence of upward propagating waves. In
the network, the existence of an opposite phase relation be-
tween C  and O  line shifts, indicated that waves may propa-
gate downwards in these regions. It was also noted that C  and
O  line profiles reveal, on statistical average, more red-shifted
emission in the network than in the internetwork lanes. A sim-
ilar result was also found by Hansteen et al. (2000). Recently,

a detailed analysis of transition region line profiles performed
by Peter (2000, 2001) brought further support to the hypothesis
that different mechanisms may dominate the transition region
dynamics in the network and internetwork regions. Thus, any
attempt to study the temporal and spatial behaviour of spec-
tral lines originating from transition region temperatures should
also distinguish between the network and internetwork regions.

Teriaca & Doyle (2001) presented a comparison of observa-
tions versus numerical simulations of the response of the solar
atmosphere to an energy perturbation of 4 × 1024 ergs repre-
senting an energy release during magnetic reconnection in a
1D semi-circular flux tube. The temporal evolution of the ther-
modynamic state of the loop were converted into C  977,
C  1548, O  630, O  1032, Ne  465 and Ne  770
line profiles via non-equilibrium calculation of ion populations.
Performing an integration over the entire period of simulation,
red-shifts of 8.5, 6.1 and 1.7 km s−1, were found for C , C ,
and O  while blue-shifts of −1.8, −3.9 and −10.7 km s−1 were
derived for O , Ne  and Ne  respectively, in good agree-
ment with observations.

The objective of the present paper is two-fold, in the first
part we present further evidence via selected high cadence ob-
servational sequences that the Doppler-shift is highly time de-
pendent, down to a few seconds for lines formed over a large
fraction of the transition region. For this we choose “quiet” Sun
datasets taken in C  ∼977 Å, O ∼1032 Å and Ne ∼770 Å
obtained by the SUMER instrument on-board the SoHO satel-
lite. The region observed included cells, network areas, and the
boundaries between them.
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Fig. 2. Line radiance variations (erg cm−2 s−1 sr−1) and Doppler shift (km s−1) of the O  1032 Å. In all cases, an integration along the slit (see
top panel) was performed over 5 pixels.

In the second part we examine the observable conse-
quences, in terms of line profiles, of small-scale energy depo-
sitions of different magnitudes taking place at different heights
in a 2D “quiet” Sun transition region environment and whether
such a model can explain both the variability and the direction
of the observed line-shift. To this end, the equilibrium initial
state is perturbed by an ad hoc heating term in the energy equa-
tion. The underlying motivation to choose small-scale energy
depositions instead of driving magnetic reconnection (like in
the reconnection studies of Roussev et al. 2001a,b) was to use
the energy that goes to heat the plasma as an input parame-
ter, instead of an output parameter (i.e. a reconnection model).
The idea is to study the value of Doppler shift as a function
of the energy input. For this, we choose three different values
for the total amount of energy release, E0, i.e., 4 × 1024 ergs,
1 × 1025 ergs, and 4 × 1025 ergs, respectively. These values
could, in principle, represent a nano-flare event as a result of

an ongoing magnetic reconnection. Each of these energy depo-
sitions is then considered to occur at four different plasma tem-
peratures, i.e., 5 × 104 K, 1 × 105 K, 2 × 105 K, and 4 × 105 K,
respectively.

Roussev et al. (2001a,b) recently presented a numerical
study relevant to explosive events, where 2D MHD calcula-
tions were converted into line profiles representative of transi-
tion region lines. The calculations of ion populations allow for
departures from equilibrium ionization, which proved to be im-
portant since these dynamic events involve time scales smaller
than the ionization and recombination times. We adopt this pro-
cedure in these simulations.

2. Observations and data reduction

SUMER is a normal incidence spectrograph operating over the
wavelength range∼500 to 1610 Å (details can be obtained from
Wilhelm et al. 1995; Lemaire et al. 1997). The datasets selected
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Fig. 3. Line radiance variations (erg cm−2 s−1 sr−1) and Doppler shift (km s−1) of the Ne  770 Å. An integration along the slit (left panel) was
performed over 4 pixels (as labeled). The left panel image represents the intensity along the slit. The data have a cadence of ∼14 s.

were obtained on March 21, 1997 (C  977 Å), April 30, 1996
(O  1032 Å) and May 1, 1997 (Ne  770 Å) on the “quiet”
Sun in a sit-and-stare mode with no compensation of solar rota-
tion applied (although many other high cadence datasets exist,
only a few of these have a corresponding full spectrum which is
required for absolute wavelength calibration). For the C  line,
slit 8 (0.3×120 arcsec2) was used with detector B with an inte-
gration time of 2.5 s from 18:23:40 to 18:39:09 UT. However,
the electronics readout time leads to an effective observing ca-
dence of ∼6 s. The short integration time combined with the
narrow slit ensured that the count-rate for this strong line re-
mained below the non-linear limit of 10 cts s−1 pixel−1. Since
the slit is only 0.3 arcsec wide, in 15 min it covers, due to
the absence of solar rotation compensation, approximately a
3 arcsec region on the Sun. The O  line was registered on de-
tector A using slit 4 (1× 120 arcsec2) with an exposure time of
6 s from 22:29:01 to 22:55:20 UT. The Ne  line was taken
using slit 2 (1 × 300 arcsec2) on detector B exposing for 7 s
from 20:49 to 22:48 UT.

The reduction of SUMER raw images followed several
stages, i.e., local gain correction, flat-field subtraction, a cor-
rection for geometrical distortion and radiometric calibra-
tion (providing the conversion from counts px−1 s−1 to Watt
m−2 sr−1 Å−1). The signal to noise level is determined by the
photon statistics.

The position of the SUMER slit during the C  and Ne 
observations was set on heliographic coordinates X = 0′′,
Y = 0′′. As can be seen from Figs. 1–3 (see text below),

the slit covered several network and internetwork structures
in each dataset. In order to increase the S:N (signal-to-noise)
level, in the C  case we binned over three consecutive spec-
tra (leading to a time resolution of ∼18 s) and over 4 spatial
pixels (giving a spatial resolution of 4 arcsec along the slit).
Different locations along the slit were analysed, representative
of a variety of different features. The O  dataset consists of
1024 images centered on heliographic coordinates X = 199′′,
Y = 102′′. An integration along the slit over five pixels was per-
formed in order to improve the signal-to-noise ratio. The evo-
lution of 20 regions along the slit was studied. For the Ne 
dataset, we binned over two spectra (obtaining a temporal res-
olution of 14 s) and 4 spatial pixels. For all datasets, there was
no rotational compensation applied and therefore it is impor-
tant to note that after 390 s the slit is no longer pointing at the
same region.

Since we are interested in absolute line shifts, an absolute
wavelength calibration is vital. On SUMER there is no on-
board calibration source, so the wavelength calibration is usu-
ally done using chromospheric lines of neutral atoms. A full
spectrum image with an exposure time of 300 s was taken just
before the temporal series in C  allowing us to perform the
wavelength calibration. For the O  dataset, one half detector
image with an exposure time of 150 s is available. The dis-
persion relation was calculated using O  reference lines (for
details see Teriaca et al. 1999a). The situation for the Ne 
line was not optimum since the data were registered in first or-
der on detector B and therefore with the lack of chromospheric
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lines, an “absolute” calibration is not possible. Moreover, since
the data were taken at disk center, the other used method of
an off-limb average zero Doppler shift can not be applied (see
Sect. 3.3).

3. Discussion on the observational results

3.1. C III 977 Å

The regions sampled (see Fig. 1) include: (a) the network re-
gion, (b) an internetwork region, (c) a network region, (d) a
network boundary, (e) a network region and (f) the boundary
of a bright network. All of the sampled 6 regions showed short
time-scale variability in the absolute line-shift.

The shortest time-scale variability seems to occur in the
network boundary regions where the line-shift can vary by 7–
8 km s−1 in less than 1 min. The internetwork region also shows
variability although this tends to be smaller. The average line-
shift in all regions is for a red-shift, ranging from 8 km s−1

in (a), 2 km s−1 in (b), 7 km s−1 in (c), 12 km s−1 in (d),
20 km s−1 in (e) and 13 km s−1 in (f). These figures indicate
a clear difference between network and internetwork regions,
with the largest red-shift being present at the network bound-
ary. Only in the internetwork, did the C  line show some ev-
idence for a blue-shift. Hansteen et al. (2000) reported that the
internetwork showed on average a 4 km s−1 red-shift.

There is no evidence for high frequency oscillations in ei-
ther the intensity or the velocity in the C  data and since the
dataset is only ∼15 min long, oscillations as detected by Doyle
et al. (1998) were not observable. The data, however, is highly
variable, which could be perhaps interpreted as a series of small
energy releases, as distinct from explosive events which are
ruled out due to the lack of non-Gaussian line profiles.

3.2. O VI 1032 Å

The regions sampled in the O  datasets include (a) a weak
network region, (b) a strong network region and (c) an inter-
network region (see Fig. 2). The average velocities in each of
these indicate a net red-shift of (a) 4.8 km s−1, (b) 10 km s−1

and (c) 6.5 km s−1. As in the C  dataset, there are locations
which show quite fast changes, e.g. in region (c) we see a sharp
decrease in the line-shift from 10 km s−1 to −5 km s−1 and fi-
nally back to 10 km s−1 in less than 60 s. The strong network
locations show a gradual change in the line-shift occurring over
an interval of ∼200–300 s. Note that the time of peak red-shift
does not necessary correspond to the time of peak intensity.
Furthermore, at various times/locations in the strong network
region, the line-shift approaches zero although, as seen from
the values quoted above, the largest time-averaged net red-shift
corresponds to the strong network feature. Note that the spatial
region covered by the slit in the E–W direction is ∼4 arcsec
compared to the slit width of 1 arcsec.

3.3. Ne VIII 770 Å

The regions sampled (see Fig. 3) include: (a) a network region,
(b) an internetwork region and (c) a bright network boundary.

In order to interpret our results we had to rely on measurements
of Doppler shifts given in the literature. Brekke et al. (1997)
and Chae et al. (1998) found a red-shift of 5 ± 1.5 km s−1.
These studies, however, adopted the vacuum wavelength of
of 770.409 Å for Ne . Dammasch et al. (1999) deduced
the solar wavelength for this line for different regions on the
Sun and derived a rest wavelength of 770.428 ± 0.003. Their
rest wavelength determination was based on the assumption of
no average Doppler shift above the solar limb and a compari-
son with laboratory wavelengths of cool chromospheric lines.
They obtained an outflow from a coronal hole with a velocity
of 9 km s−1, while for the “quiet” Sun the average velocity gave
a blue-shift of 1 ± 1 km s−1. Teriaca et al. (1999a) and Peter &
Judge (1999) found similar results of −1.9 ± 2.0 km s−1, using
the chromospheric lines method and−2.5±1.1 km s−1 applying
the off-limb zero Doppler shift assumption, respectively.

The Doppler shifts of Ne  given in this work represent
a relative value applying a spectral pixel size of 44.73 mÅ (W.
Curdt, private communication). The relative wavelength is ob-
tained from a single Gaussian fit of an average line profile over
the whole time series. Despite the fact that the routine for geo-
metric corrections was applied, we sampled regions which are
close enough along the slit to avoid introducing errors due to
geometric distortions.

As can be clearly seen from Fig. 3, there is a large differ-
ence between the velocities in the three regions. In the network
we have an average velocity of −8 km s−1, while the internet-
work gives−3 km s−1 and the bright network+5 km s−1. Within
each of these regions, the variation can be as large as ±8 km s−1.

As in the C  and O  datasets, such short time-scale vari-
ability could be interpreted as small energy releases. In the fol-
lowing sections, we enquire whether such small-scale energy
depositions can produce observable Doppler shift in our lines.

4. Physical model

4.1. Initial configuration

We consider the same 2D physical model approximating the so-
lar transition region as that presented in Roussev et al. (2001a).
Refer to this earlier study for a detailed description of the gov-
erning MHD equations, normalization units, etc. We allow for
a shallow temperature gradient along the field lines, and thus
the initial configuration is more like a “cool loop” (see Mariska
1992). For the sake of simplicity, the effects of gravity are ne-
glected, and therefore the 2D atmosphere presented below is
not stratified. In terms of normalized physical variables, the ini-
tial state is:

u = 0, (1)

bx = 0, by = tanh (δ x∗), (2)

e∗ =
1

2(γ − 1)
(1 + β − b2

y), (3)

ρ∗ =
 (1 + β − b2

y)

β


θ {

1 + ∆ρ
{
1 − tanh

[
ε (y∗ + y∗s )

]}}
, (4)
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and

T ∗ = (γ − 1)
e∗

ρ∗
· (5)

Here e is the thermal energy, ρ the mass density, γ the adiabatic
index, β is the ratio of the gas pressure to the magnetic pressure,
δ is a model parameter used to control the width of the current
concentration, ε is the steepness of the transition region and θ is
a free parameter (one over the polytropic index) which defines
the density profile across the current concentration (i.e., in the
x−direction). Also, the parameter ∆ρ defines the density (and
also temperature) jump across the transition region, 2∆ρ + 1.
Values of all these parameters used in the present modelling
are given in Roussev et al. (2001a).

We further assume an energy balance for the initial state,
which is used to derive the 2D spatial distribution of the volu-
metric heating sources,

S ∗ = ∇∗ · q∗ + L∗r ; at t∗ = 0, (6)

where S ∗, q∗ and Lr are the volumetric heating rate, field-
aligned conductive flux, and radiative losses, respectively. This
way, apart from referring to a static equilibrium state in the ini-
tial background plasma, we also ensure there are no heating or
cooling sources throughout the computational domain at time
zero.

In Fig. 4 we show the physical variables for the initial state,
i.e. the mass density, temperature, thermal energy, current den-
sity and magnetic field topology.

4.2. Model of small-scale energy depositions

In the present study, the localized energy release is placed at
the current concentration and is assigned for a finite time. The
explicit form of this additional heating term is chosen as

Edep = E0 α F(t∗) exp

−


x∗2 +
(
y∗ − y∗0

)2
σ


 , (7)

where

F(t∗) =


t∗/t∗rise; 0 < t∗ ≤ t∗rise,

exp[−α(t∗ − t∗rise)]; t∗rise < t∗.
(8)

Here E0 is the total amount of energy release and α = ln(10)/t∗90
(where t∗90 represents the time during which 90% of the total
energy deposition is released). Equation (8) describes a linear
increase in the additional heating rate up to t∗ = t∗rise, followed
by an exponential decay in time. The distribution of the en-
ergy release in space is chosen as a symmetric double Gaussian
centered at (0, y∗0). The free parameter y∗0 is used to move the
position of energy deposition along the current concentration
so that this takes place at different initial plasma temperatures.
The parameters controlling the shape of the temporal and spa-
tial distribution of the energy release are α and σ. As to the lat-
ter, σ = M2/ ln 2, where M is the full width at half maximum
(see Sarro et al. 1999). The parameter α is such that 90% of the

total energy released is deposited in the first t∗90 s of the simu-
lation, if there were no initial linear increase in the additional
heating term up to t∗ = t∗rise, i.e., if t∗rise = 0. By introducing
t∗dep = t∗90 + t∗rise, the amount of energy which is released after
t∗dep is 0.9 + t∗rise ln(10)/(2 t∗90) times the total amount of energy
deposition, E0.

4.3. Numerical setup

All numerical experiments are performed using a 2D compress-
ible MHD code based on staggered meshes (see Roussev et al.
2001a). A stretching of the numerical grid is applied in or-
der to better resolve the region around the current concentra-
tion where the most important dynamics of the experiments
is expected to take place. The numerical setup is the same
as that presented in Roussev et al. (2001a). In brief, the 2D
grid on which the eleven experiments are carried out is of size
Nx × Ny = 400 × 700. The numerical domain is chosen to
be of size [2 x∗max, 2 y

∗
max] = [6, 8]. The stretching of the grid

is applied in the x−direction only (across the current chan-
nel), and is such that 50% of the grid points are located within
−0.7 ≤ x∗ ≤ 0.7. The parameter set used in the present mod-
elling is as follows: δ = 25, ε = 7, ∆ρ = 4.5, θ = 0.6, y∗s = 1.6,
γ = 1.667, β = 0.164, M = 0.05, t∗rise = 0.4 and t∗90 = 1.6.

5. Discussion on the numerical results

In the following section we discuss the results obtained from
our numerical modelling. The general dynamics shared by all
of the experiments is analysed in Sect. 5.1. The observable con-
sequences, in terms of line profiles, are presented in Sect. 5.2.
A summary of the results and final conclusions are given in
Sect. 6.

5.1. General dynamics

In all of the experiments, the energy depositions occur on one
and the same dynamic time-scale. The linear increase of the
ad hoc heating term is assigned at t = 0 and operates un-
til trise = 0.4 tAlfv, corresponding to 6.5 s. The characteristic
time of “exponential decay” of the driver term, t90, is chosen
as 1.6 tAlfv, equivalent to 26.5 s.

All energy depositions take place in the current channel
along the symmetry axis x∗ = 0 of the physical model. Energy
release of the same amount (for example experiments A1-4) is
initiated at four different locations along y∗, i.e., y∗0, character-
ized by the following values of log T in the initial background
plasma: 4.7, 5.0, 5.3, and 5.6.

With the onset of energy release, both the kinetic gas pres-
sure and temperature start rising, thus creating an excess of
pressure at the site of the explosion. As the pressure gradi-
ent grows in time, the plasma heated at the site of energy re-
lease expands dynamically into the yet non-affected surround-
ing plasma. Furthermore, the onset of this small-scale transient
event also initiates a fast MHD wave that propagates away from
the site of the explosion.
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Fig. 4. The initial state for temperature (top left), mass density (top right), current density and magnetic field topology (bottom left) and thermal
energy (bottom right).

Since the plasma beta parameter outside the current “sheet”
is less than unity (i.e., β = 0.164), the increased plasma pres-
sure at the site of the explosion can be balanced only by a small
perturbation of the Lorentz force in the direction perpendicu-
lar to the current concentration. The plasma expansion there-
fore occurs mainly along the magnetic field lines, and thus the
heated plasma spreads preferably along the current concentra-
tion. This does not imply that similar results may be obtained if
the localized energy release were to occur in a simple magnetic
loop without the current concentration since the plasma beta
parameter goes to infinity as one approaches the field rever-
sal line, x∗ = 0. This means that exactly in the mid-plane of
the current sheet the increased kinetic gas pressure cannot be

balanced by the very small Lorentz force, unlike the situation
where there is a unipolar region. As one moves outward from
the mid-plane of the current sheet, the plasma beta decreases
and the magnetic pressure becomes more and more dominant.
Right outside the current structure, the plasma beta parameter
approaches its value at large distances, i.e. 0.164. This means
that if the kinetic gas pressure increases by say 100%, this
would be balanced by a 16.4 percent increase in the magnetic
pressure.

In addition, the effect of field-aligned thermal conduction
is to expand the enhanced temperature region along the mag-
netic field lines even further than just a pure expansion (nearly
adiabatic) of hot plasma. As an increasing amount of energy
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is deposited in the system, the peak temperature at the site of
the explosion continues rising as a function of time. This oc-
curs because of a combination of several factors. In the first
place, the time-dependent increase in temperature initiates the
expansion of heated plasma, which locally leads to a decrease
in mass density. As the mass density decreases, the radiative
losses (N2

e dependence) decrease too, while the temperature
increase goes even further before a balance can be reached.
Secondly, since the background heating, S ∗, is maintained at
the same level, while the mass density decreases in time, the
same amount of energy input will support a higher steady-state
of the plasma temperature. This is therefore a run-away pro-
cess which is slowed down by the combined effect of plasma
expansion, field-aligned heat conduction, and exponential de-
crease of the energy input with time.

As the region of enhanced temperature expands, the plasma
surrounding the current concentration is pushed away. Since an
increasing amount of energy is deposited into the system, the
hot plasma blown out from the site of the explosion is dynam-
ically accelerated and bow shocks are subsequently formed at
the locations where the unperturbed plasma is being hit. The
initial physical conditions are such that the sound speed takes
maximum values along the symmetry axis, x∗ = 0, while the
Alfvén velocity is zero here. Comparing the flow velocity with
the local sound speed and Alfvén velocity in the vicinity of the
current channel around x∗ = 0, it appears that this velocity is
both supersonic and super-Alfvénic in all of the experiments.
One would therefore expect to observe maximum outflow ve-
locities away from the symmetry axis at the locations where
the flow becomes sub-Alfvénic rather than along this axis (al-
though the largest pressure gradient is reached here). This is
what causes two sets of outflow velocity peaks to appear on
each side of the density depletion region. It is found that the
peak velocity first increases in time and then starts to decline
after reaching some maximum value of umax. The peak flow
velocity is found to depend on the amount of energy released,
nearly as ∼E1/2

0 . Furthermore, the highest velocities of bulk
motions are found to be located at the edges of the enhanced
temperature region, clearly indicating the direction of plasma
expansion.

As time progresses, there are two density features that are
dynamically created and evolve in the opposite y∗−direction.
They propagate along y∗ due to the fact that the magnetic field
outside the current concentration acts nearly like rigid walls
(low plasma “beta”), and because of the radial expansion of the
temperature front moving along the current concentration.

The higher the amount of energy deposition, the denser the
outflow feature becomes, as well as the higher the temperature
increase at the site of the explosion. Also, the more energy that
is deposited into the system, the higher the value of the maxi-
mum flow velocity, umax.

The basic difference of the same amount of energy deposi-
tion taking place at different initial temperatures is basically on
the dynamic time-scale on which the plasma responds to such
energy release. In the first place, because of the higher value of
the sound speed at increased plasma temperature, the expansion
of heated plasma will occur faster, and thus involve a shorter
dynamic time-scale. Secondly, the importance of thermal

conduction and radiative losses will also vary, with an effect
of a slight predominance of the heat conduction over the radia-
tive losses, as being more non-linear with respect to changes
in the physical conditions. The higher the initial temperature at
the site of explosion, the faster the thermal conduction, as well
as it’s importance over the radiative losses.

In the next section, it will be shown that all this influence
the observational consequences of such micro-scale transient
events in various resonance transition region lines formed at
different plasma temperatures.

5.2. Line synthesis

As pointed out by Joselyn et al. (1979a,b) and more recently by
Sarro et al. (1999) and Roussev et al. (2001b), the ionization
balance (EI) is a valid approximation only when bulk motions
and gradients in the physical parameters of the emitting plasma
involve dynamic time-scales that are long compared to the ion-
ization and recombination times. In circumstances where this
does not hold true, time-dependent ion populations need to be
calculated in order to describe the emitting properties of the
plasma more accurately. In the case of non-equilibrium ion-
ization (non-EI), the full time-dependent ion populations are
given via

∂Ni

∂t
+ uy · ∂Ni

∂y∗
= −NeNi

[
S i,i+1 + α

i,i+1
r + αi,i+1

d

]
(9)

+Ne

[
Ni−1S i−1,i + Ni+1α

i+1,i
r Ni+1α

i+1,i
d

]
,

where αi,i+1
d is the collisional-dielectronic recombination coef-

ficient from level i to i + 1, αi,i+1
r is the radiative recombina-

tion coefficient from level i to i + 1, S i,i+1 is the collisional-
dielectronic ionization coefficient from level i to i + 1, and Ni

is the number density of ion i.
From the numerical perspective, solving Eq. (9) is a rather

stiff problem, and there is currently little progress made in com-
puting time-dependent ion populations in 2D. In the 1D case,
we use a code as presented by Sarro et al. (1999) to solve
Eq. (9). Since the experiments discussed in the previous sec-
tion were done in 2D, we reduced the MHD results to that
which can be viewed along a line-of-sight by a spectrograph.
This was done by considering as a line-of-sight the symmetry
axis x∗ = 0, and averaging the 2D MHD solution over 19 grid
points in the x∗−direction (in symmetrical manner with respect
to x∗ = 0). This way we obtained a 1D MHD solution along
the line-of-sight (only y∗−dependence), that represents a region
1 arcsec wide in the x∗−direction, as scaled on the Sun. The 1D
code uses as input, the values of Ne, T , and uy provided by the
simulated 1D MHD solutions.

Once the ion populations of a given element are computed
using this 1D code, the emissivity of a given emission line per
unit interval of wavelength in an optically thin, collisionally
excited resonance line can be obtained from

Eλ ∝ hc
λ

Ω

ω

N1

Nion

Nion

Nelem

Nelem

NH
NHNe

exp
(
− W

kBT

)
√

T
φ(λ). (10)
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Table 1. The current set of energy depositions experiments.

E0 , [ergs] 4 × 1024 1 × 1025 4 × 1025

log T = 4.7 A1 B1 C1

log T = 5.0 A2 B2 C2

log T = 5.3 A3 B3 C3

log T = 5.6 A4 B4 –

Here h is the Planck constant, c is the speed of light, Ω is the
Maxwellian averaged collisional strength, ω is the statistical
weight of the lower level, N1/Nion is the ratio of ions respon-
sible for the emission in the ground state relative to the total
number of ions per unit volume, Nion/Nelem is the relative pop-
ulation of the ion, Nelem/NH is the element abundance, NH is
the proton density, Ne is the electron density, W is the energy
difference between the upper and lower levels, kB is the
Boltzmann constant, T is the temperature, and

φ(λ) =
exp−

[
(λ−λ0−λs)
∆λ0

]2
∆λ0
√
π

(11)

is the line profile. In the above definition of φ(λ), λ0 is the rest
wavelength of the resonance line and λs = vp(λ − λ0)/c is the
Doppler-shift corresponding to the velocity of the plasma pro-
jected on the line-of-sight, vp. The Doppler width of the line,
∆λ0, is assumed to be due to thermal motions only, and is
given by

∆λ0 =
λ0

c

√
2kBT

mi
, (12)

where mi is the mass of the ion emitting in the resonance line
of interest.

By knowing the distribution of emissivities along the line-
of-sight, the total intensity can be computed as

I(λ, t) =

y∗max∫
−y∗max

E(λ, y′, t) dy′, (13)

where 2 y∗max is the total length of the emitting source projected
on the line-of-sight. We use the above to perform line syn-
thesis of the resonance lines of C  1548 Å, O  1032 Å,
and Ne  770 Å, as discussed below.

In Fig. 5 we show sample line profiles for C  1548 Å,
O  1032 Å and Ne  770 Å for the case of an energy de-
position of 1 × 1025 ergs at 2 × 105 K. The simulations end
at 192 s and on this figure we plot 6 line profiles with a time-
difference of 35 s each. Thus, the last line profile will corre-
spond to t = 175 s. The time evolution may be more clearly
seen in Fig. 6, where we show the line-shift as a function of
time for two different energy depositions, namely 1 × 1025 erg
and 4 × 1025 erg at all four locations. Each line is discussed in
detail below.

Fig. 5. Sample line profiles for C  1548 Å (upper panel), O  1032 Å
(middle panel) and Ne  770 Å, respectively, for the case of an en-
ergy deposition of 1 × 1025 ergs at 2 × 105 K. The simulations for this
case end at t = 192 s and on this figure we plot 6 line profiles with a
time-difference of 35 s each.
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Fig. 6. Line shift, in km s−1, for an energy deposition of 1 × 1025 ergs at 5 × 104 K and 1 × 105 K (top left panel), an energy deposition of
1 × 1025 ergs at 2 × 105 K and 4 × 105 K (top right panel), an energy deposition of 4 × 1025 ergs at 5 × 104 K and 1 × 105 K (bottom left panel),
and an energy deposition of 4 × 1025 ergs at 2 × 105 K and 4 × 105 K (bottom right panel) for C  1548 Å, O  1032 Å and Ne  770 Å.

5.2.1. The C IV line

In all experiments with index “2”, i.e., A2-B2-C2 (see Table 1),
the energy depositions take place at a temperature of the initial
background plasma that is rather close to the temperature of
formation of the C  1548 Å resonant line. In all other exper-
iments, the energy release happens at higher temperature, i.e.,
log T = 5.3 and 5.6, or in the case of index “1” experiments at
a lower temperature.

The behavior of the C  line in all experiments where the
energy deposition take place at the same initial temperature is
rather similar. The main difference is in the maximum value of
red-shift reached in each individual experiment.

In the A1 and B1 experiments, we initially see blue-shifted
plasma up until ∼120 s, there-ward it is zero. The “C1” experi-
ment initially shows two jets, blue and red with the blue being
dominant for the first 20 s. Thereafter, the red-shift is domi-
nant, decreasing from a maximum value of ∼17 km s−1 to zero
after 80 s. Thus for higher energy deposition, the line will al-
ways be mostly red-shifted. In A2, B2, and C2 experiments, the
time series show an increasing Doppler shift of the line profile
towards the red part of the spectra up to a certain time (ap-
prox. 10 s), followed by a turn-over point, and then a gradual
shift back to some small amount of red-shift at the end of the
time series. The latter ends at times: 202 s (A2), 192 s (B2),

and 118 s (C2), respectively. By comparing these cases, the
main conclusion is: the higher the amount of energy deposi-
tion, the higher the peak value of red-shift. The latter is derived
to be 3.7 km s−1 (A2), 9.5 km s−1 (B2), and 18.6 km s−1 (C2),
respectively. At the end of the time series for these three cases,
there is a non-zero red-shift of the order of 0.4 km s−1 (A2),
0.7 km s−1 (B2), and 1.2 km s−1 (C2), respectively.

A similar behavior in the time series is also seen in the ex-
periments where the energy deposition takes place at log T =
5.3, i.e., experiments A3, B3, and C3. The peak values of
red-shift are reached at a slightly later time than in the pre-
vious case, i.e., approx. 12 s. The main difference is then
found to occur in the value of this maximum red-shift, i.e.,
5.2 km s−1 (A3), 9.6 km s−1 (B3), and 18.0 km s−1 (C3), re-
spectively. The time series relevant to these three particular
experiments end at the same time as the corresponding ones of
the previous three, i.e., 202 s (A3), 192 s (B3), and 118 s (C3),
respectively. The overall red-shift reached at the end of the time
series, is of the order of 0.4 km s−1 (A3), 0.8 km s−1 (B3),
and 1.7 km s−1 (C3), respectively.

In A4 and B4, the energy is released at log T = 5.6.
Comparing with the previous two sets of experiments, here
we again find a similar trend in the response of the C  line
to such small-scale energy deposition. The maximum value of
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red-shift is reached at an even later time than in the previous
two cases, and corresponds to approx. 18 s. The values of red-
shift at this instant of time are, respectively, 4.5 km s−1 (A4),
and 8.6 km s−1 (B4). At the end of the time series there is again
a net red-shift, which is of the same value as in the previous two
cases, i.e., 0.4 km s−1 (A4), and 0.7 km s−1 (B4), respectively.

5.2.2. The O VI line

Unlike the C  line, the response of the O  1032 Å line is
rather interesting. In the A1, B1, C1, A2 and B2 experiments,
the Doppler-shift is towards the blue part of the spectra. On
the contrary, the behavior of the former line is mostly in the
opposite direction – towards the red part of the spectra. In
the A1 and B1 experiments, the maximum value of blue-shift is
reached at t = 40 s, and the corresponding values of blue-shift
are, respectively, −1.2 km s−1 (A1), and −2.6 km s−1 (B1).
In “C1” it reaches a maximum blue-shift of −8.3 km s−1 af-
ter 80 s.

In the A2 and B2 experiments, the maximum value of
blue-shift is reached at t = 22 s (A2), and t = 12 s (B2),
and the corresponding values of blue-shift are, respectively,
−1.7 km s−1 (A2), and −3.2 km s−1 (B2). In the C2 experi-
ment, we first observe a blue-shift in the time series of the O 
line, alternated with a red-shift at approx t = 6 s. The maxi-
mum value of the red-shift is reached at t = 12 s, and corre-
sponds to 1.9 km s−1. The red-shift is found to change back
to blue-shift at about t = 34 s. In all three experiments A2-
B2-C2, a net blue-shift of the O  line profile is found to be
present at the end of the time series. The corresponding val-
ues of this blue-shift are −1.2 km s−1 (A2), −2.2 km s−1 (B2),
and −6.1 km s−1 (C2), respectively.

In experiments A3, B3, and C3, where the energy depo-
sitions take place at log T = 5.3, the O  line responds in a
rather similar manner to the previous case of log T = 5.0. Note
that this time the micro-scale explosions occur at a tempera-
ture which is rather close to the O  line formation temper-
ature. The value of blue-shift in experiments A3 and B3 first
increases, reaches some maximum value, decreases, and then
starts increasing again. The first peak value in the blue-shift is
reached at t = 10 s for experiment A3, and t = 4 s for exper-
iment B3, respectively. The corresponding values of blue-shift
are −1.5 km s−1 (A3), −1.2 km s−1 (B3), respectively. In ex-
periment A3 this is the maximum value of blue-shift reached
throughout the time series, while in experiment B3, in turn, the
maximum value of blue-shift is observed at the end of the time
series. The net blue-shift reached at the end of experiments A3
and B3 is −1.3 km s−1 and −2.9 km s−1, respectively. Similar
to the response of O  in experiment C2, in experiment C3 we
again see the appearance of a Doppler-shifted component to-
wards the blue part of the spectra, though occurring at a smaller
relative intensity than in the former case, as well as lasting
longer (approx. 100 s). A red-shift is also seen in the time se-
ries that reaches a maximum value of 2.3 km s−1 at t = 12 s,
subsequently changes into blue-shift at later times. The maxi-
mum value of blue-shift is reached at the end of the time series,
and corresponds to −6.3 km s−1.

In the case of an energy release taking place at log T =
5.6, i.e., experiments A4 and B4, first we see red-shifts, which
eventually change into blue-shifts at later times. The maximum
red-shift observed in experiment A4 is 0.3 km s−1, reached at
t = 8 s. Similarly, in experiment B4 the corresponding value of
red-shift is 0.5 km s−1, and is reached at t = 12 s. At t = 16 s
for A4, and t = 22 s for B4, respectively, the red-shift changes
into a blue-shift. The values of the latter at the end of the time
series are −1.4 km s−1 (A4) and −3.7 km s−1 (B4), respectively.

5.2.3. The Ne VIII line

Similar to the O  line, the response of the Ne  770 Å
line to small-scale energy depositions is also quite interest-
ing. In both experiments A1 and B1, the Doppler-shifts of the
Ne  resonant line are all towards the blue part of the spec-
tra. The maximum blue-shift is reached towards the end of
the experiment, ∼120 s corresponding to ∼−1.8 km s−1 (A1)
and −4.5 km s−1 (B1). In both experiments A2 and B2, the
Doppler-shift of the Ne  resonant line are also towards the
blue. The maximum value of blue-shift in experiment A2 is
reached at the end of the time series, while in experiment B2
this happens at t = 26 s, and the corresponding value of blue-
shift is −5.4 km s−1. At the end of the time series the blue-shift
is −1.8 km s−1 for A2, and −3.0 km s−1 for B2, respectively.
In experiments C1 and C2, the response of the Ne  line is
even more complex than that of O . In this case, the appear-
ance of two Doppler-shifted components is seen – one in the
blue, and another one in the red part of the spectra which ap-
pears first, and lasts longer than the blue-shifted component.
In C1, the blue component reaches a maximum value of rela-
tive intensity at t = 12 s, and then starts gradually disappear-
ing. The red-shifted component is present until t = 60 s, while
thereafter only the blue-shifted plasma remains. The maximum
values of blue- and red-shift at which these two components
appear are −40 km s−1, and 25 km s−1, respectively. The net
blue-shift reached at the end of the time series corresponds
to −1.9 km s−1.

In C2, the blue component reaches a maximum value of
relative intensity after t = 12 s, and then starts gradually disap-
pearing. The red-shifted component becomes dominant in the
spectra approx. 6 s later than the blue counterpart. The maxi-
mum values of blue- and red-shift at which these two compo-
nents appear are −40 km s−1, and 25 km s−1, respectively. The
two Doppler components gradually diminish, and after approx.
t = 60 s there is only blue-shifted emission. The net blue-shift
reached at the end of the time series is −4.5 km s−1.

In the case where the energy deposition takes place at
log T = 5.3, i.e., experiments A3 and B3, the dynamic re-
sponse of the Ne  line is rather similar to that of the pre-
vious case. Note that in both cases the energy deposition takes
place at a temperature that is below the temperature of forma-
tion of the Ne  line. The maximum value of blue-shift in
experiment A3 is reached at the end of the time series, and cor-
responds to −1.8 km s−1. In experiment B3, in turn, the peak
value of blue-shift is obtained at t = 14 s, and corresponds to
−8.7 km s−1. The blue-shifted plasma at the end of the time
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series is −2.8 km s−1. The two Doppler-shifted components
found in the spectra of the Ne  line relevant to experi-
ment C2 are again present in the spectra for the case of exper-
iment C3. Just like before, the blue-shifted component appears
first and lasts longer, although the dominant relative intensity
comes from the red-counterpart. The two components also ap-
pear at slightly higher absolute values of Doppler-shift than in
the previous case and these are, respectively, −50 km s−1, and
30 km s−1. These components disappear from the spectra at
almost the same time as in the previous case, i.e., at approx.
t = 60 s. There is again a blue-shifted line profile at the end
of the time series. The value of blue-shift is of the order of
−10.6 km s−1.

In the last two experiments A4 and B4, the peak value of
blue-shift is reached at t = 24 s for experiment A4, and t = 32 s
for experiment B4, respectively. The corresponding values of
blue-shift are −1.7 km s−1 (A4), and −5.9 km s−1 (B4), respec-
tively. At the end of the time series, there is an overall blue-shift
in both cases that corresponds to a value of −1.8 km s−1 for ex-
periment A4, and −3.1 km s−1 for experiment B4.

6. Conclusions and future work

In the present simulations, we use small-scale energy deposi-
tions to study the effect on observable parameters such as line
profiles, line-shifts and intensities. The main conclusion fol-
lowing the C  simulations is that the higher the temperature at
which the energy deposition takes place, the later the response
of the line. In particular, the peak value of red-shift is reached
at a later time if the energy release occurs at a higher tempera-
ture of the initial background plasma. For C , the maximum
red-shift varies between 4 and 19 km s−1 for a variety of en-
ergy depositions and temperatures in the atmosphere. Towards
the end of each simulation, the line-shift approaches zero.

From the O  results, one can conclude that, as the en-
ergy deposition takes place at increasing initial plasma temper-
atures, there is a turn-over point at which the blue-shift of the
line profile changes into red-shift at early times. Furthermore,
the more energy is released, the more complex the related
changes in the spectra. In particular, at some high value of
energy deposition, more than one Doppler-shifted component
start to be present in the spectra. For O  1032 Å and for en-
ergy deposition below the line formation temperature, we have
a blue-shift ranging from −2 km s−1 to −8 km s−1.

For Ne , only blue-shifts are observed in the time series.
This is because in all these cases the initial temperature at the
site of the explosion is either below or close (experiments A4
and B4) to the temperature of formation of the Ne  line.
Just like in the case of the O  line, at some high value of
the energy deposition, Doppler-shifted components start to be
present in the spectra. This time, however, two components are
seen instead of only one in the case of O .

The intensity variations resulting from these experiments
are quite different from an earlier study by Teriaca et al.
(1999b) and Teriaca & Doyle (2001). Here, we have a very
different initial state, e.g., the above paper had a coronal loop
but here there is a magnetic field reversal region. Secondly, the
distribution of physical variables along the loop in the above

work is different than that in this model. Thirdly, the previ-
ous modelling was a 1D hydrodynamic simulation, while these
are 2D MHD.

Comparing the C  modelling results with the C  977 Å
observations (the C  line is formed at 80 000 K compared with
C  at 100 000 K), we see that there is good overall agreement.
The observed time-averaged C  line-shift varies between 2
and 20 km s−1 depending on the amount of magnetic activity,
similar to the C  line simulations. The highly variable nature
of the observed line-shift could be re-produced via a series of
energy releases (of the order of magnitude as given in Table 1),
occurring approximately every 20 to 60 s. with the most of
these being low energy events, probably less than 4 × 1024 erg.
On the other hand, the agreement between the O  simulations
and observations is poor, with the simulations indicating an av-
erage blue-shifted plasma of a few km s−1 while the observa-
tions show a slightly red-shifted plasma. For Ne , both the
internetwork and network observational data imply an up-flow,
in agreement with the models. However, the bright network ob-
servations show a down-flow. This could indicate that the bright
network is the region where spicular down-flows are dominant
and therefore the simple model presented here is more applica-
ble to the internetwork and “normal” network regions.
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