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Abstract We present spectra and slit-jaw images of limb and on-disk eruptive events ob-
served with a high temporal resolution by the Ondřejov Observatory optical spectrograph.
Analysis of the time series of full width at half-maximum (FWHM) in Hα, Hβ, and radio and
soft X-ray (SXR) fluxes indicates two phenomenologically distinct types of observations
which differ significantly in the timing of FWHM and SXR/radio fluxes. We investigated
one such unusual case of a limb eruptive event in more detail. Synthesis of all observed data
supports the interpretation of the Hα broadening in the sense of regular macroscopic plasma
motions, contrary to the traditional view (emission from warm dense plasma). The timing
and observed characteristics indicate that we may have actually observed the initiation of a
prominence eruption. We test this scenario via modeling of the initial phase of the flux rope
eruption in a magnetohydrodynamic (MHD) simulation, calculating subsequently – under
some simplifying assumptions – the modeled Hα emission and spectrum. The modeled and
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observed data correspond well. Nevertheless, the following question arises: To what extent
is the resulting emission sensitive to the underlying model of plasma dynamics? To address
this issue, we have computed a grid of kinematic models with various arbitrary plasma flow
patterns and then calculated their resulting emission. Finally, we suggest a diagnostics based
on the model and demonstrate that it can be used to estimate the Alfvén velocity and plasma
beta in the prominence, which are otherwise hard to obtain.

Keywords Flares · Eruptions · Spectrum · MHD · Models · Chromosphere · Radio flux

1. Introduction

Physical processes in a flare plasma manifest themselves in the profiles of chromospheric
emission lines. As flares are very dynamic phenomena, any substantial and resolvable
change of principal plasma parameters along the line of sight (LOS), e.g., density, tem-
perature, microturbulence, flowing plasma velocity component, splitting or merging plasma
loops, etc., has an influence on the line profiles. From individual emission profile parame-
ters, such as the maximum intensity, Doppler width and Doppler shift, bisector, asymmetry,
and total width of the line, useful quantitative and qualitative information can be derived.

Among these parameters, the full width at half maximum (FWHM) has been used as
a principal parameter since the time when the spectra of solar flares began to be observed
systematically; see Švestka and Fritzová (1956) and Švestka (1976), and references therein.
The Hα line width has been used as one of the quantitative parameters for solar flare im-
portance. Basically, the width of the emission line is proportional to the number of radiating
atoms in the flare but can be substantially altered by the presence of microturbulence or even
macroscopic motions along the LOS. Changes and dynamics of the line width of Hα and
other lines during the time of observation and in various locations can thus be used for the
study of plasma processes in a flare.

Dynamic, broad-line Hα emission features observed during solar flares have been tra-
ditionally ascribed to excited chromospheric plasmas, in which both the temperature and
density are enhanced due to the bombardment by energetic particles accelerated in the re-
connection site higher in the corona (chromospheric evaporation and heating). Nevertheless,
not all observations fit this scheme. In particular, some limb eruptive events call for another
interpretation.

In this article we start by combining the Hα FWHM time profile with the time evolution
of radio and X-ray fluxes. The correlation of those series can differ for different flares, and
we did find two phenomenologically distinct types of spectroscopic observations (see be-
low). This indicates that different processes are behind (at first glance) the similar observed
feature: the line broadening. We aim to identify those unknown processes by interpreting the
results of our analysis of the observed data. While one type of broad-line emission features
can be interpreted in terms of the traditional view as a chromospheric response to particle
beam bombardment, the second one, exhibiting unusual timing of the Hα FWHM signal,
calls for a different explanation. Analyzing the available data for one such particular case
we conjecture that the unusual dynamics in the Hα line profile is due to macroscopic motions
in the magnetic flux rope which just starts to erupt (see, e.g., Lin and Forbes, 2000; Török
and Kliem, 2005; Kliem and Török, 2006; Williams et al., 2005; Kliem et al., 2010, and ref-
erences therein). Hα emission from the erupting prominence material can be observed just
in the case of limb events when we, in contrast, do not observe the later-occurring emission
from flare ribbons that are in limb events strongly decreased by the projection effect or even
completely occulted.



Modeling of Hα Eruptive Events Observed at the Solar Limb 449

After assuming this working hypothesis, a numerical magnetohydrodynamic (MHD)
model is used to calculate the dynamics of the magnetized plasmas. Its results are subse-
quently utilized as input data in simplified calculations of the Hα emission; we model both
the filtergram-like image and the spectral line. In order to test the sensitivity of plasma
flow models to resulting observable features a grid of kinematic models of plasma flows
have been also calculated and their emission characteristics (again, image and spectrum)
constructed. Finally, the MHD model, in conjunction with the observations, is used for es-
timation of plasma parameters that are otherwise hard to obtain, like the local Alfvén speed
and plasma beta in the observed structure.

The article is organized as follows. First, the observations and their analysis are presented
in Section 2. Based on the observed data, a tentative hypothesis is adopted and incorporated
into a numerical MHD model in Section 3. The model results are further processed to ob-
tain final outputs that can be compared with observations: modeled image and spectral line
(Section 4). In Section 5 we compare the modeled and observed data and we estimate the
sensitivity of the modeled observable emission to the underlying model of the plasma flow.
We also discuss the possibility of utilizing the MHD model for plasma diagnostics. Finally,
the main results are summarized in Section 6.

2. Observation and Analysis

We use flare observations performed by the Ondřejov Multichannel Flare Spectrograph
(MFS) as a primary dataset for our analysis. The instrument is continuously upgraded –
for its early history see Valníček et al. (1959). By the time of the observations described
in the current article the detectors have been replaced by video cameras, the camera ob-
jective optical system has been changed, and the slit-jaw system has been implemented as
described in Kotrč (1997). We simultaneously observed the flare spectra in the Hα, Hβ, and
CA II 8542 Å lines, and also took simultaneous Hα slit-jaw images (filtergrams). Both the
spectra and images were recorded with a cadence of 25 images per sec.

The flare spectra have been obtained with a theoretical spatial resolution of 1 arcsec, but
practically, of 3 arcsec, due to seeing degradation during the observation of the flares. The
spectral resolution is about 40 mÅ in Hα, and about 30 mÅ in Hβ. The resolution values
refer to the width of one pixel. In this paper we analyze Hα spectrograms and filtergrams
only, as the emission in this line is the most intense for all the studied flares.

We selected four flares in total for our analysis, two on the solar disk and two on the limb.
The selection was constrained by the requirement that the observations cover the entire flare
evolution from its very beginning. All the flares are of observationally different types and of
different importance. In this paper we present a comparative analysis for one disk-center and
one limb event. The other two flares show qualitatively the same behavior for their respective
category (limb and disk center).

Figure 1 shows an on-disk flare that occurred on 5 August 2003 at 09:07 – 09:23 UT
(maximum at 09:14 UT) in AR NOAA 10421 located S05 W34. Its X-ray class was C3.5 ac-
cording to Geostationary Operational Environmental Satellite (GOES) data. Panel (a) shows
the Hα image taken by the solar patrol of the Ondřejov Observatory, panel (b) shows the slit-
jaw image of the flare, and the simultaneously taken Hα spectrum is shown in panel (c).

The 4 August 2002 solar flare occurred from 08:58 UT to 10:33 UT (maximum at
09:55 UT) in AR NOAA 0050, just at the western limb. The flare was classified as M6.6
according to GOES. For the Ondřejov solar patrol Hα image and the MFS spectrum and
slit-jaw image, see Figure 2.
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Figure 1 Observations of the on-disk event on 5 August 2003. (a) Hα solar patrol image (Ondřejov Obser-
vatory) shows AR NOAA 0421 with a large sunspot before the flare (at 05:56:10 UT); (b) Hα slit-jaw image
observed at 09:05:46 UT by MFS (the vertical dashed line indicates the slit position); (c) simultaneously
observed MFS Hα spectrum. The vertical lines in the spectrum record are marked by the wavelengths in
ångströms; the corresponding Doppler velocity scale is shown on the axis below.

Figure 2 Observation of the limb event on 4 August 2002. (a) Hα solar patrol image (Ondřejov Observatory)
showing the AR crossing the western limb; (b) MFS image composed from left to right of Hα slit-jaw and
the simultaneously taken Hα spectrum with a broad emission. The number after UT is the frame number in
the series of 25 frames taken in one second.

For each event we analyzed the Hα line profiles along the slit and searched for maximum
FWHM. This value was selected to obtain the time series of the FWHM representative of
the source as a whole. The standard scenario assumes that the Hα emission comes from the
plasma excited in the process of chromospheric evaporation and heating by the energy de-
posited in the chromosphere by energetic electrons accelerated higher in the corona. There-
fore, it is meaningful to make a correlation analysis between the Hα FWHM and the soft
X-ray (SXR) and decimetric (microwave, MW) radio signals that reflect the plasma heating
and propagation of energetic electrons through the lower corona, respectively. Such cor-
relation analyses are useful for understanding the processes of accelerated-particle energy
deposition in the chromosphere and the chromospheric radiative response in optical lines.
Hence, we compared the obtained Hα FWHM time series with temporal profiles of the SXR
data from GOES-12, 1 – 8 Å (http://spidr.ngdc.noaa.gov/spidr/dataset.do) and the radio flux
measured by the Ondřejov RT3 radio telescope at 3 GHz (http://www.asu.cas.cz/~radio/).
The results of this analysis are displayed in Figure 3. Figure 3a shows the correlation of
these three signals for the on-disk event on 5 August 2003. At the very beginning of the
flare we can see a gradual X-ray flux rise; then microwaves (MW) at 3 GHz and the Hα line
FWHM begin to rise simultaneously. The slopes of all three normalized curves are practi-
cally identical. To sum up, for the flare of 5 August 2003 we see a very synchronized rise of
all three curves.

http://spidr.ngdc.noaa.gov/spidr/dataset.do
http://www.asu.cas.cz/~radio/
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Figure 3 Time profiles of microwave (MW) radio flux at 3.0 GHz and GOES flux (channel 1 – 8 Å) com-
pared with FWHM as measured in Hα emission line during a flare on the solar disk (a) and a limb flare (b).
The time profiles are normalized to their peak values within the studied time interval.

However, in Figure 3b, which displays the same kind of analysis for the 4 August 2002
event, we see a quite different behavior. The maximum FWHM value of ≈10 Å was detected
at 09:04 UT, i.e., quite a long time before the flare maximum at both SXR and MW, the latter
two being more or less synchronous. While the on-disk event (Figure 3a) fits well into the
standard scenario, which ascribes broad Hα line emission to dense plasmas excited as a
consequence of particle beam energy deposits, the line broadening during the selected limb
event (Figure 3b) is most likely produced by a different physical mechanism. We will now
analyze that event in more detail.

2.1. Analysis of 4 August 2002 Limb Eruption

The unusual timing of the Hα FWHM time profile with respect to SXR and MW radio flux
calls for another explanation of the enhanced Hα for the studied event of the 4 August 2002
limb eruption. To obtain insight into the physical mechanisms causing strong broadening of
the line emission well in advance of the beginning of the X-ray flare we accumulated a set
of further observational data related to the studied event.

In addition to the Hα line, the flare has also been observed in other spectral channels
recorded in the MFS. Figure 4 shows a combination of the Hα slit-jaw image (b) and simul-
taneous spectral observations in Hβ (a) and Hα (c). The line profile in Hβ is also strongly
broadened and exhibits similar qualitative features to those of Hα, but the signal is substan-
tially weaker. Nevertheless, observation at this time (09:02:38 UT) also shows that the total
line broadening is most likely formed by stacking of more narrow-line contributions with
different Doppler velocities from different positions along the slit (y-axis). Here the Doppler
shifts of the individual components exceed their line broadenings, revealing the composed
nature of the broad-line emission (see the “tilt” of the line-profile distribution along the
slit in Figure 4). This is less obvious at later times in the event (see Figure 2). Hence, the
observation indicates a significant role of macroscopic motions for the line formation.

Taking into account the Hα FWHM timing observed in our analysis, the following ten-
tative hypothesis can be assumed. Since the largest spectral line broadening/distortion pre-
cedes the flare onset in SXRs, we most likely observe signatures of the plasma motions in
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Figure 4 Ondřejov MFS image
composed of Hβ spectrum (a),
Hα slit-jaw filtergram (b), and
Hα spectrum (c) for the 4 August
2002 limb eruption. The spectra
show the most typical feature for
the limb events: the tilt of the
spectral line profile along the slit.

the pre-event structure, which we assume to be a magnetic flux rope (prominence/filament).
These motions can be caused by an MHD instability that developed in the flux rope after its
threshold was reached. However, the pre-instability phase related to, e.g., helicity injection
into the flux rope due to vortex driving in its feet can also lead to the rope deformations and
consequent observed plasma motions.

Flux rope eruptions via, for example, a kink or torus instability – see, e.g., Török and
Kliem (2005), Williams et al. (2005), or Kliem et al. (2010) – are nowadays a key aspect
of the standard flare scenario (see, e.g., Magara et al., 1996 and Shibata and Tanuma, 2001,
and references therein). The eruptions are usually preceded by a slow rise of the filament,
generally described as “filament activation.” This phase may correspond to helicity injec-
tion into the flux rope and consequent motions. If enough twist is accumulated in the rope,
a helical kink instability can develop as shown by Kumar et al. (2012). A similar effect in
highly twisted flux ropes can be seen in simulations by Kliem et al. (2010). Only later does
the exponential rise of the filament take place, connected with the impulsive phase of the
associated flare.

Should the above interpretation be correct, a coronal mass ejection (CME) formed at
later stages from the erupted flux rope will be seen. Indeed, combined observations from the
Solar and Heliospheric Observatory (SOHO) Extreme Utraviolet Imaging Telescope (EIT)
and C2 coronagraph show signatures of CME ejection in the studied region (see Figure 5).

Further inspection of the data has shown that the studied flare on 4 August 2002 repre-
sents a long-duration event. This can be seen in time profiles of GOES data (Figure 6). As
the X-ray profiles show, the flare starting at ≈09:10 UT was followed by a subsequent event
starting at ≈14:00 UT.

An interesting feature can also be seen in radio spectra. Figure 7 shows the radio spectrum
from the Phoenix-2 spectrograph at Eidgenössische Technische Hochschule (ETH) Zurich,
also known as the Swiss Federal Institute of Technology (http://soleil.i4ds.ch/solarradio/).
The dominant structure here is the radio continuum starting around 09:10 UT. This emission
is preceded by a weak microwave type III burst at ≈09:04 UT (marked by an arrow), which
indicates the presence of accelerated electrons even in this very early stage of the event. Both
bursts are limited to the higher frequency range (>1.5 GHz). Assuming the plasma emission
as a preferred radiation mechanism, this indicates that the radio source has been bound to
the lower solar atmosphere. The same features are present in the radio spectra observed by
the Ondřejov RT4 spectrograph. We will return to these facts later in Section 5.

http://soleil.i4ds.ch/solarradio/
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Figure 5 Combined SOHO/EIT and SOHO/LASCO/C2 difference images observed on 4 August 2002 at
09:00 UT just at the flare onset (left). The image to the right obtained at 09:24 UT shows the emission feature
in the dark circle connecting the studied active region with the CME signature marked by the white arrow.

Figure 6 Time plot of GOES-10
shows a long-duration flare
starting at ≈09:10 UT.

3. MHD Model

In the previous section we assumed a tentative hypothesis to interpret the 4 August 2002 limb
event. Based on the analysis of the observed data, we interpret the strong line broadenings
seen well in advance of the flare maximum as an effect of macroscopic motions in a magnetic
flux rope at the very beginning of its eruption. Here we implement this idea into a numerical
MHD model.

The large-scale evolution of magnetized plasma can be adequately described by a set of
compressible resistive one-fluid MHD equations (see, e.g., Priest, 1984):
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Figure 7 Radio spectrum from Phoenix-2 spectrograph at ETH Zurich. Decimetric type III burst at 09:04 UT
(indicated by arrow) is followed by continuum radio emission.

∂ρ

∂t
+ ∇ · (ρu) = 0

ρ
∂u
∂t

+ ρ(u · ∇)u = −∇p + j × B + ρg,

∂B
∂t

= ∇ × (u × B) − ∇ × (ηj),

∂U

∂t
+ ∇ · S = ρu · g.

(1)

The set of Equations (1) is to be solved by means of the second-order leapfrog finite volume
method (FVM). For the numerical solution it is first rewritten in its conservative form. The
(local) state of the magnetofluid is then represented by the vector of basic variables � ≡
(ρ,ρu,B,U), where ρ, u, B, and U are the plasma density, plasma velocity, magnetic field
strength, and total energy density, respectively (see Bárta, Karlický, and Žemlička, 2008;
Bárta, Vršnak, and Karlický, 2008, and Bárta et al., 2011a for details). The energy flux S is
calculated as

S =
(

U + p + B2

2μ0

)
u − (u · B)

μ0
B + η

μ0
j × B, (2)

and the auxiliary variables, plasma pressure p and current density j, are implicitly defined
by the relations

∇ × B = μ0j,

U = p

γ − 1
+ 1

2
ρu2 + B2

2μ0
,

where g is the gravity acceleration, taken to be uniform and approximated by its value at the
photospheric level.



Modeling of Hα Eruptive Events Observed at the Solar Limb 455

We are interested in the very beginning phases of a flux rope eruption, because in the
observed (slit-jaw) image data we see neither significant changes in the observed structure
nor signatures of plasma ejections – the entire structure remains confined in a rather small
volume during the time interval of our analysis (08:55 – 09:12 UT). However, at later stages,
the prominence fully erupts, and we can see only its remaining legs in the rather narrow field
of view provided by the slit-jaw imaging system. For this reason we suppose that intense
small-scale current sheets (CSs) are not developed yet via the cascade of current-density
fragmentations in our time interval of interest (Bárta et al., 2011a, 2011b; Karlický and
Bárta, 2011); consequently, the effects of anomalous (generalized) resistivity do not take
place at this stage of the evolution. Hence, we limit ourselves to the ideal MHD, setting the
(generalized) resistivity η = 0 everywhere.

We model the flux rope at its initial state as follows: For the magnetic field we assume
the model by Titov and Démoulin (1999), which describes a twisted (i.e., current-carrying)
flux rope as part of a torus with minor and major radii a and R, and winding number Nt ,
respectively. The magnetic configuration is kept in a global equilibrium by the action of the
Lorentz force due to the overlying magnetic field. The sources of this “ambient” field are
modeled by a subphotospheric line current I0 and a pair of magnetic charges +q,−q , all
located at the major axis of the torus. We shall now describe the model in more detail.

First of all, in numerical simulations, it is frequently convenient to express variables in
their natural units (see, e.g., Kliem, Karlický, and Benz, 2000). Thus, we express the spatial
coordinates in the units of the flux rope (torus) minor radius a, the magnetic field strength
in terms of the magnetic field at the surface of the torus Bo, and time in units of the Alfvén
transit time over the unit length a, i.e., τA = a/VA,0, where VA,0 = Bo/

√
μoρo is the Alfvén

speed calculated at the torus surface with the density corresponding to its value inside the
torus at the bottom of the simulation box (see below). Consequently, all velocities are also
expressed in terms of the Alfvén speed VA,0.

In this dimensionless set of units, which we will use from now on, the magnetic field
components of the Titov–Démoulin model (1999) can be described as

Bin =
(√

1 + 2

(
Nt

R

)2(
1 − r2

) + R

r⊥
− 1

)
�̂

+ ∇ ×
(

Nt

√
1

Rr⊥

[
A(ka) + dA(k)

dk

∣∣∣∣
ka

(k − ka)

]
�̂

)
+ q

(
r+

|r+|3 − r−
|r−|3

)
(3)

for the field inside the torus, and

Bext = R

r⊥
�̂ + ∇ ×

(
Nt

√
1

Rr⊥
A(k)�̂

)

+ q

(
r+

|r+|3 − r−
|r−|3

)
(4)

for the external region. Here, r denotes the distance from the torus minor axis (denoted as ρ

in Titov and Démoulin, 1999, which conflicts with the designation for density in our paper).
All other symbols keep their meaning from the paper by Titov and Démoulin (1999), the
length-like quantities now being expressed in the torus minor radius a.

The condition for global equilibrium (Equation (6) in Titov and Démoulin, 1999) reads
in our dimensionless units as

Bq,0 = ln(8e−5/4R)

2R2
Nt
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where

Bq,0 = 2q

R2

(
R

L

)2[
1 +

(
R

L

)2]−3/2

is the magnetic field strength caused by the pair of magnetic charges, separated by distance
2L, at the minor axis of the torus (r⊥ = R). Consequently, for the magnetic charge in a
globally balanced configuration, we obtain

q = ln(8e−5/4R)

4
Nt

(
R

L

)−2[
1 +

(
R

L

)2]3/2

. (5)

Thus, we have four free parameters in the model: the torus major radius R (expressed in
units of minor radius a), the ratio between magnetic charge separation and the torus major
radius R/L (which controls the stability of the equilibrium – see Appendix A in Titov and
Démoulin, 1999), the winding number Nt , and the geometrical factor d , which controls how
deep the whole structure is submerged into the photosphere. In our simulation we use the
following values: R = 3.0, L/R = 0.5, d = 0.5R, and Nt = 5.

The entire magnetic structure is filled with plasma. Because of the presence of gravity in
our model, we use a stratified density structure according to the relations

ρin = ρ0 exp

(
− z

Text
Tin

LG

)
(6)

and

ρext = Tin

Text
ρ0 exp

(
− z

LG

)
(7)

for the torus (flux rope/filament) interior and external space (corona), respectively. In our
dimensionless variables we set ρ0 = 1. Here LG is the gravity height scale in the corona;
LG = 2kBText/(mpg) for fully ionized hydrogen plasma. The temperature ratio between
coronal (hot) and flux rope (warm) plasmas has been chosen as Text/Tin = 10. This value
represents a compromise between a more realistic ratio (≈100) and the stability of the code;
the latter is always challenged by high gradients, particularly in combination with limited
spatial resolution.

The coronal height scale LG introduces natural scaling for our simulation. For a typical
coronal temperature Text = 2 × 106 K it reaches a value LG = 1.2 × 108 m. Since we use
LG = 20 in our dimensionless units, the torus minor radius (the unit of length) corresponds
to a = 6000 km in SI units. The apex of the structure is then at a height of (SI units) ha ≈
(R − d)a + a = 15000 km. This roughly corresponds to the observation in the slit-jaw
filtergram.

The density stratification according to Equations (6) and (7) ensures that ∇p compensates
the gravity locally in the internal and external domain. Also, the magnetic field described
by Equations (3) and (7) is (approximately) force-free (j × B ≈ 0). Thus, only the different
height scales LG,ext ≡ LG and LG,int = LG Tint/Text result in some components of ∇p at the
boundary between the flux rope and its surroundings. As we use a low plasma beta in our
simulations (β = 0.05 at z = 0 and t = 0) and the total height of our domain is – in line with
observations of the 4 August 2002 event – only a fraction of the coronal height scale, the
departure from equilibrium is small and does not affect the dynamics significantly.

The calculation is performed in a 3D numerical box of size 100 × 200 × 100 grid cells
in the x, y, and z directions; see Titov and Démoulin (1999) for a definition of the refer-
ence frame. The spacing is equidistant: �x = �y = �z = 0.044. We use a driven boundary
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condition at the bottom boundary simulating helicity injection due to (sub)photospheric mo-
tions. It is implemented by a velocity field (at z = 0) of the following form:

ux(x, y,0, t) = −ω(t)ε
[
(y − y1)w1(x, y) + (y − y2)w2(x, y)

]
,

uy(x, y,0, t) = ω(t)
1

ε

[
xw1(x, y) + xw2(x, y)

]
,

(8)

where the vorticity functions w1(x, y) and w2(x, y) describing the rotational motions around
the footpoint centers [xi, yi], i ∈ {1,2} (i.e., the points, where the axis of the flux rope (i.e.,
torus minor axis r⊥ = R) crosses the bottom boundary) are expressed as

wi(x, y) = 1

2

[
1 + tanh

(
1 − r̄i

�

)]
. (9)

Here, the projection-corrected distance from the footpoint centers 1 and 2 is

r̄i =
√

ε2(y − yi)2 + x2, (10)

and � = 0.1 so the velocity gradient is resolved by five cells. Finally, the projection factor ε

and the y coordinates of footpoint centers y1 and y2 (note that x1 = x2 = 0) are found from
simple geometrical considerations in the forms

ε =
√

1 −
(

d

R

)2

(11)

and

y1,2 = ±εR. (12)

The boundary condition at z = 0 can be understood as follows. Equations (8) – (12) ba-
sically describe vortex motions (with the same orientation), localized in the (approximately
elliptical) cross-sectional areas of the torus with the bottom boundary z = 0, around the
footpoint centers. The rotation is oriented such that it leads to an increase of the magnetic
twist in the rope. If the submerge distance d were equal to zero, i.e., if exactly half of the
torus were above the photosphere, the velocity pattern would look like two circular plates
with solid-state rotation surrounded by plasmas which remain at rest. The transition between
moving and rest plasmas is described by a Fermi–Dirac-like distribution for normalized an-
gular velocity on the distance from the footpoint center; see Equation (9). However, this is
not the case. The torus is actually submerged by d = 0.5R in our case, and therefore purely
geometrical projection factors must be taken into account. This is why the formulae are
modified by the factor ε.

The parameter ω(t) describes the magnitude of the angular velocity. We have chosen its
gradual increase followed by a constant value according to the relation

ω(t) = ω0

2

[
1 + tanh

(
t − tdrive

tramp

)]
. (13)

First, we let the system relax for a short time, until tdrive = 2.0, in order to clean ∇ · B, which
is not exactly zero as there still exists a small mismatch between the internal and external
magnetic fields described by the Titov-Démoulin (1999) model in Equations (3) and (4).
Then, the angular velocity is gradually increased, during the period lasting 2tramp = 2.0.
Eventually, the angular velocity reaches its plateau at ω0 = 0.3, which corresponds to a
maximum photospheric driving velocity at the level of ≈10 % of the Alfvén speed in the
ambient corona.
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The remaining quantities at the bottom boundary z = 0 fulfill the following bound-
ary conditions: uz(x, y,0, t) = 0, ∂ρ/∂z|(x,y,0,t) = −ρ/LG, ∂p/∂z|(x,y,0,t) = −p/LG ∂Bx/

∂z|(x,y,0,t) = ∂By/∂z|(x,y,0,t) = 0. The component Bz is subsequently calculated to preserve
the Maxwell law ∇ · B = 0 at z = 0, and the total energy density U according to the spatial
changes of kinetic, magnetic, and internal energies. See Bárta et al. (2011a) for a detailed
discussion on this issue.

All other boundaries are implemented as free prescribing the von Neumann boundary
condition ∂/∂n = 0 for u and the tangent components of the magnetic field. The density and
pressure respect gravity stratification: ∂ρ/∂n = ρn · g/(|g|LG), and the same applies for p;
the normal magnetic field component and total energy density are handled similarly to the
bottom boundary.

The calculations are run in the time interval t ∈ 〈0;20〉, the time step being adaptively
changed according to the Courant–Friedrichs–Levy (CFL) condition.

We present the results of our simulation in the next section.

4. Results

The results of the MHD model are displayed in Figure 8. Panels (a) through (d) show se-
lected time frames of the magnetic field (the lines) and plasma density (background color
scale) in two viewing angles: top view (left) and side view (right). As the helicity is injected
into the flux rope, a sigmoidal structure is consecutively formed (visible in top view) with
the flux rope legs moving oppositely in the x direction (i.e., the direction perpendicular to the
initial plane of symmetry of the torus). Thus, the whole structure slowly rotates around the
z-axis. At the same moment, there is little torsional motion with respect to the minor torus
axis r⊥ = R. We will now use the obtained flow pattern and density structure to estimate the
Hα emission from this model structure.

4.1. Emission Estimation

In order to obtain an output that can be directly compared with observations, we use the
results of the underlying MHD model as an input for approximate calculations of Hα emis-
sion. In general, correct calculations of the hydrogen line emission from prominences is
a complicated procedure and should be performed via non-local thermodynamic equilib-
rium (non-LTE) radiative transfer computations, taking the nonuniform (thread-like) distri-
bution of the plasma into account (see, e.g., Heinzel and Anzer, 2001 and Gunár, Heinzel,
and Anzer, 2011). In our modeling we do not aim at such detailed calculations of spectral
line profiles. We would rather address the simple question of whether the underlying MHD
model of the initial flux rope eruption is capable of reproducing observed filtergram images
and spectra qualitatively, i.e., whether robust characteristics of the spectral line like central
wavelength and the width are comparable for modeled and observed emissions.

As our tentative hypothesis assumes that the line broadening is the result of the sum-
mation of rather narrow-line contributions from different lumps of plasma along the line
of sight (LOS) with different Doppler velocities, we suppose optically thin emission on the
given frequency channel. Thus, we can estimate the spectral image intensity Iν(x, y, v) from
the pixel [x, y] in the Doppler velocity channel v in arbitrary units as

Iν(x, y, v) = C

∫ +∞

−∞
ρ2(x, y, z) exp

(
−[v − uz(x, y, z)]2

2v2
T

)
dz. (14)
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Figure 8 MHD model of the initial phase of a flux rope eruption. Thick colored lines represent magnetic
field lines; their colors correspond to the local value of |B| (lower to higher values of |B| being coded from
red to blue). The background color scale with varying opacity represents plasma density. Frames (a) – (d)
were taken at t = 0 (the initial state), t = 5.4, t = 11, and t = 14, respectively. Top and side views are shown
for each time frame.
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Figure 9 Hα emission calculated from the results of the underlying MHD model at t = 11. (a) Modeled Hα
filtergram (to be compared with the observed slit-jaw image in Figure 4b). The vertical dashed line shows the
position of the simulated spectrograph slit. (b) Modeled spectral line along the slit (to be compared with the
spectral line observations in Figure 4a and c). The LOS (Doppler) velocities are expressed in terms of VA,0.
The dashed vertical line corresponds to the line center in the rest frame (v = 0).

Note that the reference frame has changed here. Since we wish to fit the model to the ob-
servation of the 4 August 2002 limb event (which is viewed from the side), we use a ro-
tated Cartesian system with the z-axis now coaligned with the LOS, and the x- and y-axes
corresponding to the horizontal and vertical directions in the simulated filtergram image, re-
spectively; see Figure 9. The relations between the old coordinates used in the MHD model
and the new coordinate system are simple: x = z̄, y = −ȳ, and z = x̄, where “barred” coor-
dinates belong to the former system. The uz velocity component (i.e., the LOS or Doppler
velocity) in the new coordinate system thus corresponds to ux̄ in the system used in the
MHD model.

The ρ2-factor in Equation (14) takes partly into account the probability of excitation of
hydrogen atoms. Self-absorption is neglected (no e−τ factor). The constant C is arbitrary in
our qualitative model and was set to C = 1. For the “thermal” broadening vT, which also
includes microturbulent velocities, we adopted the value vT = 0.01 (again in terms of VA,0).

In order to fit the observed filtergram image (Figure 4b) and spectra (Figures 4a and 4c),
we extract the necessary information from the spectral intensity distribution Iν(x, y, v) as
follows. We assume a rather broad-band Hα filter for our simulated slit-jaw image, with
box-function-like spectral transmissivity in the Doppler velocity channel v:

Tν(v) =
{

1 : |v| ≤ vMax,

0 : |v| > vMax,
(15)

where ±vMax are the limits of the filter bandpass. Thus, the intensity I (x, y) from the pixel
[x, y] in the filtergram image is

I (x, y) =
∫ +∞

−∞
Iν(x, y, v)T (v)dv =

∫ +vMax

−vMax

Iν(x, y, v)dv. (16)
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To emulate the spectral line image we simply put the simulated spectrograph slit at some
coordinate xslit and extract the spectral information from the spectral intensity distribution
Iν(x, y, v) along that line x = xslit:

Îν(v, y) = Iν(xslit, y, v). (17)

The results of those procedures are shown in Figure 9. Panel (a) shows the integrated
intensity I (x, y) according to Equation (16), panel (b) the spectral line profile Îν(v, y)

along the emulated slit located at position xslit = 2.2 (indicated by the dashed vertical line in
panel (a)). The output can be directly compared with the observations in Figure 4.

5. Discussion

Broad-line emission in hydrogen spectral lines observed in solar flares is traditionally inter-
preted as a chromospheric response to bombardment by energetic particle beams accelerated
higher in the corona (chromospheric evaporation and heating). This interpretation assumes
that signatures of downward traveling electron beams (MW radio emission), plasma heating
(SXRs), and excitation of hydrogen plasma (Hα FWHM) are roughly synchronous, exhibit-
ing small time lags only, which can be used in turn for detailed study of propagation of
electron beams, their energy deposit, and radiative response of plasmas to the particle bom-
bardment.

In most cases we actually see this expected behavior – a clear example is the flare on
5 August 2003. Nevertheless, for some limb events the correlation analysis of time series
of SXR, MW, and Hα FWHM results in a different outcome. The Hα FWHM curve pre-
cedes the (almost synchronous) MW and SXR curves by minutes. In the current paper we
presented the flare on 4 August 2002 as an example of such events. We found the rise of
FWHM in Hα line ten minutes before the flare maximum in microwaves and SXRs in this
particular case. The 4 August 2002 flare satisfied some criteria of event selection used by
Battaglia, Fletcher, and Benz (2009). It was located nearby the solar limb, and increasing
SXR flux emission preceded the detection of accelerated electrons in the event. Battaglia,
Fletcher, and Benz (2009) used the hard X-ray (HXR) flux as evidence of accelerated parti-
cle presence, but we used the MW flux because of the absence of HXR data. The principal
difference between the considered flare and the events studied by Battaglia, Fletcher, and
Benz (2009) is the FWHM increase before the SXR emission growth that could not be ex-
plained by heating or explosive evaporation. However, the precursor of the main SXR peak
might be connected with the weak decimetric type III burst (Figure 7), indicating possible
internal reconnection in the flux rope (see discussion below).

Basically, the correlation analysis described above presents two types of broad-line emis-
sion features which, at first glance, were all interpreted as a flare emission. The observed
features exhibit either synchronous Hα FWHM, MW, and SXR fluxes, or for others, the Hα

curve precedes that of MW and SXR significantly.
As the observation of 4 August 2002 (and other observations of this type) does not fit

into the “traditional” chromospheric response picture, we attempted to find another plau-
sible interpretation. The Hα FWHM timing seen by our correlation analysis, the specific
tilted distribution of the spectral line profile along the spectrograph slit (Figure 4), a deeper
look at Hα slit-jaw images, and a bunch of related multiwavelength observations indi-
cate that we actually observe the very initial phase of the eruption and the observed line
broadening can be explained as a sum of many rather narrow-line contributions with dif-
ferent Doppler shifts. The macroscopic motions giving rise to the observed Doppler shifts
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could be associated either with the prominence activation – a slow motion related to mag-
netic field reconfiguration due to, e.g., helicity injection – or, in the later stages, with the
developed helical kink instability of the magnetic flux rope (prominence/filament). How-
ever, whether or not the instability has developed, the vertical motion of the flux rope
stays limited; rather its rotation around the vertical axis appears. Only later – after fully
developed eruption – does it eventually evolve into a CME (Kliem and Török, 2006;
Lin and Forbes, 2000). We do not see the usual line broadening due to chromospheric evapo-
ration in the later phases because of the geometry of the event. The chromospheric emission
ribbons are either behind the limb, or at least the projection factor strongly decreases the
ribbon area, well below the spatial resolution of our instrument. Note that the mentioned
signatures of the filament eruption (shifted broad line) should be seen in spectroscopic ob-
servations of the on-disk events as well, but this time in absorption and with lower contrast.

In order to test this tentative hypothesis we incorporate it into an MHD numerical model.
We have modeled the flux rope as (part of) a torus using the analytical equilibrium found by
Titov and Démoulin (1999). We filled this magnetic structure with gravity-stratified plasma.
Colder and denser material resides inside the toroidal flux rope to mimic the observed prop-
erties of filaments; the hot and appropriately rarefied surrounding plasma corresponds to the
solar corona. The eruption is driven by helicity injection via vortex flows in the rope foot-
points at the bottom boundary. As shown in Hα slit-jaw images in Figure 2, and to some
extent also indicated by the high-frequency limit of simultaneous radio emission (Figure 7),
the prominence observed on 4 August 2002 is in its slow-rise (or even no rise) “activation”
phase during the studied interval of spectral line broadening (08:55 – 09:12 UT). Hence, in
line with this observation of the event we simulate only the very beginning phase of the flux
rope eruption. Since it is confined in a relatively small volume during the studied period of
activation, we need not construct a very vertically extended (in the sense of physical lengths)
numerical box; rather we can use our numerical resolution to have a better spatial coverage
of the flux rope. In this way our approach differs from models by, e.g., Török and Kliem
(2005) and Kliem and Török (2006), who study eruption dynamics at much larger spatial
and temporal scales. Moreover, we use the full set of MHD equations, and – for obvious
reasons – we are also interested in plasma dynamics.

It is noteworthy that the period during which the flux rope stays in its slow-rise “activa-
tion” phase may depend on the rope parameters. Eruptions with somewhat longer activation
periods have been recently reported in the papers by Karlický and Kliem (2010), Kliem et al.
(2010), and Kumar et al. (2012). In those cases quite a high winding number has lead to an
instability, resulting in a larger twist motion rather than to the rise of the flux rope. Thus, the
actual motion pattern at the beginning of eruption (rather twisting or rather rising) probably
depends on the model parameters used, i.e., the winding number Nt and the rate with which
the stabilizing field above the rope decays with height.

In Section 4.1 we used the results of the MHD simulations – the velocity field and the
density distribution – as an input for a qualitative estimation of the Hα emission. In order
to compare the model results with observations and thus address the question of whether
the initial phase of the flux rope eruption can account for observed data, we calculated the
modeled filtergram image and spectral line profile along the simulated slit of the spectro-
graph. The modeled and observed data are qualitatively similar; compare Figures 4 and 9.
We used very simplified assumptions for the emission calculation. Nevertheless, we still be-
lieve that robust characteristics of the spectral line like those we compared here (the central
wavelength and the line width) are not overly dependent on the details of radiative transfer
modeling (unlike some more detailed properties of lines, e.g., asymmetry or self-absorption
in a line core; see, e.g., Heinzel and Anzer, 2001, and references therein).
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In some cases we observe clearly varying Doppler shifts along the spectrograph slit,
resulting in a tilted distribution of the emission-line profile along the slit. This is clearly vis-
ible in Figures 4 and 10a and in line with our modeled emission in Figure 9. Similar effects
(mostly in their initial phases) can also be seen in other studied limb events. In addition to the
line-center shift one can also observe significant broadening of the line. This is partly due
to the internal motions inside the flux rope along the LOS – either regular (e.g., torsional
or helical) motion of the plasmas, or that caused by the plasma turbulence. Nevertheless,
nonideal observing conditions (seeing) also contribute to the line broadenings as the atmo-
spheric turbulence brings and mixes the radiation from places with different LOS velocity
to the same position on the slit. We took all these effects into account when introducing the
microturbulent velocity vT in Equation (14).

However, sometimes only strong line broadening is observed without any significant shift
of the line center, as in Figure 2. This occurs in later stages of the limb event, in our case at
09:05:46 UT. A possible interpretation of this observation is perhaps the internal motions in
the knot that can be seen in the loop top of the bottom flux rope in Figure 4 in the simulations
by Ozaki and Sato (1997). Due to the high twisting number even reconnection can start in
this knot; a similar feature has been observed in Kliem et al. (2010). The counterstreaming
reconnection outflows might be responsible for “static” (i.e., without significant line-center
Doppler shift) spectral line broadening. Alternatively, similar reconnection outflows might
also be caused by the reconnection between the rotating flux rope and the surrounding mag-
netic field. An indication that a weaker reconnection (and particle acceleration) process al-
ready takes place in this preimpulsive phase is provided by the decimetric type III burst in
the radio spectrum (Figure 7) at 09:04 UT. Nevertheless, this possible reconnection event is
out of the scope of our model, which focuses on the very initial phase only.

To sum up, the MHD model and its extension, providing emulated image and spectral
data, support the working hypothesis, which interprets the observed event in terms of macro-
scopic motions during the very initial phase of the flux rope eruption. Nevertheless, a ques-
tion arises: To what extent is the model’s final outcome – i.e., the calculated filtergram and
spectrum – sensitive to the underlying MHD model? We address this issue in the next sub-
section.

5.1. Testing Model Sensitivity: Kinematic Models of Plasma Flows

In order to test the sensitivity of the modeled Hα data (the rather low-resolved filtergram
and spectrum along the slit) to changes in the underlying model of the flow pattern and
density distribution, we performed a set of purely kinematic models of plasma flows. In
this class of models various analytically described bodies like a cylinder, a cone, a sphere,
or a helical tube are populated by various plasma flow patterns either on the surfaces or in
the volume of the model bodies. Then, after selecting a viewing angle (LOS) and position
of the simulated spectrograph slit (similarly as in Section 4.1), the modeled filtergram and
spectrum are calculated. The procedure of emission calculation is a bit more complicated
compared with the case described in Section 4.1, and it includes a simple integration of
the radiative transfer equation. For details about the procedure and kinematic modeling in
general, see Havlíčková and Kotrč (2006) and Karlický, Kotrč, and Kupryakov (2001).

Running the kinematic models with subsequent emission calculations for various se-
lected bodies and flow patterns results in a grid of image+spectrum models, from which
one model, whose results best reproduce the observations, can be selected. We have found
that the observed data are best fitted by the model of plasma flowing through the helical
tube. The results are shown in Figure 10. Panels (a), (b), (c), and (d) show, respectively, the
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Figure 10 Kinematic modeling of the 4 August 2002 event. The model that best fits the observation uses
plasma flowing through a single helical tube with two turns. (a) Observed Hα spectrum along the slit
09:00:33 UT. Vertical dashed line corresponds to the spectral-line center in the rest frame. (b) Simultane-
ously taken slit-jaw Hα filtergram. (c) Filtergram calculated from the above-mentioned underlying kinematic
flow model. (d) Modeled spectral line for the same kinematic model of plasma flow.

observed Hα spectrum along the slit, the corresponding slit-jaw image in the Hα filter, the
modeled slit-jaw image for plasma flowing through the helical tube, and the modeled spec-
trum along the emulated spectrograph slit, whose position is marked by a thin vertical line
in panel (c). Unfortunately, the rather low spatial resolution of our observing instrument pre-
vents a more detailed comparison of the modeled and observed Hα filtergrams in panels (b)
and (c). However, within these constraints the modeled and observed data fit qualitatively
quite well.

The results of the kinematic modeling show that the flow pattern and plasma distribution
resulting from the MHD model of the initial phase of flux rope eruption are not the only
processes that could produce the observed structures in Hα. Nevertheless, the kinematic flow
pattern that fits the observations best has some common properties with those from the MHD
model; namely, both flows are constrained by some “helical guides.” From the dynamical
point of view, basically two possibilities come into consideration: (i) the twisting (or de-
twisting, in the case of already developed instability) motions during the initial phase of
helical flux rope eruption studied in the current paper, and (ii) the plasma (e.g., siphon) flow
along the twisted magnetic field lines. However, related observations of the studied 4 August
2002 event, which show a subsequent CME formation originating in the same active region
(Figure 5), favor the first possibility, when the standard scenario for solar eruptions and
CMEs is taken into account.

5.2. Plasma Diagnostics Based on the Model

If we accept the interpretation of the 4 August 2002 limb event presented here, a knowledge
of the driver of the observed plasma dynamics enables us to estimate some parameters that
are usually hard to measure directly, such as Alfvén velocity and, consequently, the plasma
beta parameter inside the prominence at the beginning of its eruption. In particular, the MHD
model allows for the estimation of LOS velocities in terms of internal Alfvén speed inside
the rope. As can be seen in Figure 9b, the maximum projection of the plasma velocity on the
LOS during the confined phase of the eruption (i.e., before the structure starts rising signif-
icantly) is vLOS ≈ 0.1VA,0. If we compare this value with that observed by the spectrograph
(Figure 4c), which gives vLOS,observ = 70 km s−1, we obtain for the internal Alfvén speed
inside the rope the value

VA,int ≈ 700 km s−1.
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Now, the Alfvén velocity can be in a partly ionized hydrogen plasma related to the plasma
beta parameter as follows:

β = ntotkBT

B2/(2μo)
= 2(i + 1)ρkBT μo

mpB2
= 2(i + 1)

kBT

V 2
Amp

, (18)

where ntot = ne + np + nH is the total concentration of all species (electrons, protons, and
neutral hydrogen atoms, respectively), and i = np/(np + nH) is the ionization degree. The
simple fact that the structure is clearly visible in the Hα line indicates that the temperature
is not too high. Hence, taking plausible values for prominences T = 104 K, i = 0.5, and the
Alfvén speed estimated above, we estimate

β ≈ 5 × 10−4

for the active region prominence. Clearly, this procedure is sensitive to the estimation of
what fraction of the Alfvén speed is actually projected on the LOS direction. This can de-
pend on the MHD model parameters. We plan to make a parametric study of this question
in our future work.

6. Conclusions

A correlation analysis of high-cadence Hα FWHM time profiles with radio and SXR fluxes,
in the course of studied solar flares, reveals a distinct type of spectroscopical observations
which exhibit an unusual timing of the Hα line broadening. Observations in this class do
not fit the traditional view of line broadening as a chromospheric response to particle beam
bombardment; hence, a different interpretation should be sought. In this paper we have stud-
ied in more detail a particular case of such an event that occurred on 4 August 2002. Based
on the synthesis of collected related multiwavelength observations, we suggest an inter-
pretation of the observed data in terms of macroscopic motions during the initial phase of
flux rope eruption. We incorporated this hypothesis into a numerical MHD model. Starting
from the Titov–Démoulin (1999) magnetic configuration filled by plasmas, we simulated
the initial phase of the flux rope motion driven by the vortex boundary flows. The model
results were recalculated in a form directly comparable with observations. The simulated
and observed Hα emissions (filtergrams and spectra) are qualitatively similar. Subsequent
kinematic modeling of the spectroscopical response to various arbitrary patterns of plasma
flows has indicated that – no matter what the driving force – the flow should be constrained
by some helical guide in order to fit the observations. The flow driven by the twisting of the
helical flux rope at the beginning of its eruption naturally conforms to this constraint, and it
is the preferred one among other possibilities, as it is in line with the standard eruption sce-
nario. It is also supported by the later observation of a CME originating in the investigated
active region. Based on the model of the studied event, a diagnostic tool has been suggested
that enables one to estimate the plasma beta parameter in the observed erupting prominence.
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Bárta, M., Karlický, M., Žemlička, R.: 2008, Plasmoid dynamics in flare reconnection and the frequency drift
of the drifting pulsating structure. Solar Phys. 253, 173 – 189. doi:10.1007/s11207-008-9217-5.

Bárta, M., Vršnak, B., Karlický, M.: 2008, Dynamics of plasmoids formed by the current sheet tearing.
Astron. Astrophys. 477, 649 – 655. doi:10.1051/0004-6361:20078266.

Bárta, M., Büchner, J., Karlický, M., Skála, J.: 2011a, Spontaneous current-layer fragmentation
and cascading reconnection in solar flares. I. Model and analysis. Astrophys. J. 737, 24.
doi:10.1088/0004-637X/737/1/24.
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Valníček, B., Letfus, V., Blaha, M., Švestka, Z., Seidl, Z.: 1959, The flare spectrograph at Ondřejov. Bull.
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