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Abstract. Recent observations and models of solar prominences are reviewed. The observations
suggest that prominences are located in or below magnetic flux ropes that lie horizontally
above the PIL. However, the details of the magnetic structure are not yet fully understood.
Gravity likely plays an important role in shaping the vertical structures observed in quiescent
prominences. Preliminary results from a time-dependent model describing the interaction of a
magnetic flux rope with photospheric magnetic elements are presented.
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1. Observations

In this section we present an overview of various observations relevant to the magnetic
structure of solar prominences. For more detailed reviews, see Tandberg-Hanssen (1995),
Labrosse et al. (2010) and Mackay et al. (2010).

Filament channels: It is well known that filaments are located above polarity in-
version lines (PIL) in the photospheric magnetic field (e.g., Babcock & Babcock 1955;
Howard 1959). Most filaments are located within channels, traditionally defined as corri-
dors surrounding PILs where the chromospheric He fibrils are aligned with the PIL (e.g.,
Martres et al. 1966; Foukal 1971; Gaizauskas et al. 1997; Gaizauskas et al. 1998; Martin
1998). This fibril alignment implies that at chromospheric heights the magnetic field is
dominated by its component along the PIL, and suggests the presence of a horizontal
magnetic flux bundle in the low corona above the channel. The magnetic field in this flux
bundle is highly sheared in the direction along the PIL, but may have some twist consis-
tent with the direction of the overlying arcade field. The base of the (weakly twisted) flux
bundle lies on the chromosphere, so the direction of its magnetic field is imprinted on
the chromospheric fibrils. Filament channels can be classified as either dextral or sinistral
depending on the direction of the magnetic field along the PIL as seen by an observer
standing on the positive-polarity side of the channel (Martin et al. 1992). The chirality
of filament channels can also be inferred from the plume-like tails of coronal emission
cells observed with instruments on the Solar Dynamics Observatory (SDO) and the Solar
Terrestrial Relations Observatory (STEREO) spacecraft (Sheeley et al. 2013). Filament
channels exhibit a strong hemispheric pattern: those in the north are dominantly dextral,
and those in the south are dominantly sinistral (Martin et al. 1994; Zirker et al. 1997).

The above view of a filament channel as a weakly twisted flux bundle lying on the chro-
mosphere may apply to most low- and mid-latitude filaments, but may not be correct for
polar crown prominences. At the polar crown PILs the chromospheric fibrils are nearly
randomly oriented, even when prominences are present at larger heights. Therefore, the
alignment of chromospheric fibrils is apparently not a necessary requirement for promi-
nence formation. We suggest that the flux bundles supporting polar crown prominences
may be somewhat elevated above the chromosphere, so that they have little effect on the
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chromospheric fibrils. Therefore, we will use the term “filament channel” also for polar
crown prominences, even though alignments of chromospheric fibril along the PIL are
not observed in this case.

Filament environment: In disk observations the filament channels appear as voids
in coronal soft X-ray emission (e.g., Engvold 1989). EUV channels are darker than their
surroundings, which may be due to a combination of lower emission in the channel and
absorption of EUV line radiation in the H I Lyman continuum (Heinzel et al. 2001;
Schmieder et al. 2003). In off-limb observations the channels appear as relatively dark
coronal cavities surrounding the prominence. These cavities can be seen in white light
coronagraph observations (Gibson et al. 2006), and also in the EUV and soft X-rays (e.g.,
Hudson et al. 1999). The cavity is located in the lower part of a helmet streamer that
extends far from the Sun. Régnier et al. (2011) observed coronal plasma on U-shaped
magnetic field lines sitting at the bottom of a cavity located above the polar crown. This
U-shape of the field lines is consistent with the presence of a large flux rope supporting
the prominence. Coronal cavities can support complex internal flows (Schmit et al. 2009;
Wang & Stenborg 2010), indicating that the flux rope is not in a steady state. Rotational
motions are also observed during eruptions (e.g., Panasenco et al. 2012). Immediately
outside the cavity is an arcade of coronal loops that prevent the filament flux rope from
expanding into the heliosphere, hence these loops play an important role in the overall
force balance of the flux rope.

Su et al. (2010) presented observations of filament channels on the quiet Sun, and found
a distinct asymmetry in the morphology of the bright structures on the two sides of the
channel (also see Sheeley et al. 2013). As shown in Figure 1, one side of the channel has
curved features, while the other side has straight features. This asymmetry is thought
to be due to a variation in axial flux along the channel, which causes the field lines from
one polarity to turn into the flux rope (curved features) while the field lines from the
other polarity are connected to distant sources (straight features).

Spectro-polarimetry: The most direct way of studying the prominence magnetic
fields is by inverting spectro-polarimetric data from Zeeman-sensitive spectral lines (e.g.,
Paletou & Aulanier 2003; Lépez Ariste & Aulanier 2007). For example, the He I 1083.0 nm
triplet is sensitive to the joint action of atomic level polarization (generated by anisotropic
radiation pumping), the Hanle effect (modification of atomic level polarization due to a
magnetic field) and the Zeeman effect (Lin et al. 1998; Trujillo Bueno et al. 2002; Orozco
Sudrez et al. 2013). Measurements using the He I 587.6 nm (D3) line above the solar limb
have shown that the magnetic field strengths in quiescent prominences are in the range 3
- 15 G (Leroy 1989). The field is mostly horizontal and makes an angle of about 40° with
respect to the long axis of the prominence (Bommier & Leroy 1998). The field strength
increases slightly with height, indicating the presence of dips in the field lines. Most
prominences have inverse polarity, i.e., the component of magnetic field perpendicular
to the prominence long axis has a direction opposite to that of the potential field. The
component along the prominence axis exhibits the hemispheric pattern discussed above
(Leroy et al. 1983). Using full-Stokes polarimetry, Casini et al. (2003) were the first to
make a map of the vector field in a prominence. Their results are consistent with the
earlier measurements by Leroy and collaborators, but they also found localized regions
with strong magnetic field (up to 80 G) within the prominence. Merenda et al. (2006)
observed a polar crown prominence above the limb and found evidence for a magnetic
field oriented only 25° from the vertical.

Spectro-polarimetry can also be applied on the solar disk. For example, Kuckein
et al. (2012) observed an active region filament simultaneously in the photosphere and
chromosphere. They found that the inferred vector fields are consistent with the presence
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Figure 1. Asymmetry of coronal structures near filament channels. (a) STEREO/EUVI image
of a channel observed on 2008 March 2 in the 195 A passband. The bright features on the east
side (black) are curved into the channel, while those on the west side (white) are more straight
and point away from the channel. (b) Hinode/XRT image shows sheared loops overlying the
channel; black contours indicate location of He filament. (¢) Photospheric magnetogram taken
by NSO/SOLIS on previous day. (d) Interpretation of curved structures in terms a model in
which the axial magnetic flux increases in NW direction along the PIL (dotted line). Adapted

from Su et al. (2010).

of a magnetic flux rope that lies at low heights in the solar atmosphere. Yelles Chaouche
et al. (2012) used these observations to construct a non-linear force-free field (NLFFF)
model for the filament.

Filament fine structures: When observed on the solar disk with high spatial resolu-
tion, filaments show thin thread-like structures that continually evolve (Lin et al. 2008).
A typical solar filament is composed of a spine, barbs, and two extreme ends. The spine
defines the upper horizontal part of a filament, and the barbs are lateral extensions that
extend from the spine to the chromosphere below (e.g., Martin 1998; Lin 2011). Active
region filaments consist of narrow spines without barbs, intermediate filaments have a
combination of both a spine and barbs, and quiescent filaments are dominated by barbs
and vertical threads. When viewed from above, the barbs are either right-bearing or
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left-bearing, like ramps off a highway (Martin et al. 1992). There is a strong correlation
between the orientation of the barbs and the chirality of the filament channel: filaments in
dextral channels usually have right-bearing barbs, and those in sinistral channels usually
have left-bearing barbs. At present the cause of this relationship is not well understood.
Recently, Liu et al. (2010) found some cases where the barbs change their orientation
within a period of a few hours, indicating there are exceptions to the above rule. Martin
& Echols (1994) proposed that the barbs are rooted in parasitic polarity elements in the
photosphere, and Aulanier et al. (1998) showed that the barbs move in accordance with
the changes in the parasitic polarities. Others have argued that the ends of the barbs
are located near small-scale PILs between majority and minority polarities (Wang 1999;
Chae et al. 2005; Lin et al. 2005). Flux cancellation between parasitic polarities and the
neighboring dominant polarity is believed to play an important role in the formation of
the barbs (Wang 2001; Wang & Muglach 2007).

Recent observations with the Solar Optical Telescope on the Hinode satellite have revo-
lutionized our understanding of quiescent and intermediate prominences. When observed
above the solar limb, such prominences always show many thin thread-like structures. In
some cases the threads are mainly horizontal (e.g., Okamoto et al. 2007), in other cases
they are mainly vertical (e.g., Berger et al. 2008; Berger et al. 2010; Chae et al. 2008; Chae
2010). The horizontal threads may be understood as plasma being supported at the dips
of weakly twisted, nearly horizontal field lines, but the structure of the vertical threads
is not yet fully understood. The vertical threads are often not clearly visible (or not
recognized) in on-disk Ha observations; to see them on the disk requires high-resolution
observations in other passbands, such as SDO/AIA 171 A. Hedgerow prominences consist
of many thin vertical threads organized in a vertical sheet or curtain. Upward-moving
plumes and bubbles have been observed in between the denser, downflowing threads
(e.g., Berger et al. 2008). Other prominences consist of isolated dark columns standing
vertically above the PIL, and such prominences often exhibit rotational motions rem-
inicent of “tornados” in the Earth’s atmosphere (e.g., Su et al. 2012; Li et al. 2012;
Panesar et al. 2013). The rotational motions have been confirmed using Doppler shift
measurements (e.g., Liggett & Zirin 1984; Orozco Sudrez et al. 2012). Some quiescent
prominences have horn-like extensions that protrude from the top of the spine into the
cavity above (e.g., Berger 2012; Schmit & Gibson 2013). These horns may outline a flux
rope located above the prominence (Berger 2012).

2. Prominence Models

The cool prominence plasma must somehow be supported against gravity because with-
out such support the plasma would fall to the chromosphere on a time scale of about 10
minutes. It has long been assumed that prominences are threaded by horizontal magnetic
fields and electric currents, which provide the upward Lorentz force needed to counter
gravity (e.g., Kippenhahn & Schliiter 1957; Kuperus & Raadu 1974; Pneuman 1983).
However, the global topology of the magnetic field threading the prominence is not yet
understood. For example, for tornado-like prominences it is unclear how horizontal fields
can survive in the presence of rotational motions of the vertical structures (Liggett &
Zirin 1984).

To understand the global structure of the filament magnetic field, Martin & Echols
(1994) and Lin et al. (2008) proposed a conceptual model in which the filament plasma
is located on arched field lines that extend along the length of the filament. The longest
field lines represent the spine, and shorter ones splay sideways on both sides of the
filament to form the barbs. In this model the barbs are located on inclined field lines,
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so this model does not explain how the plasma is supported against gravity. Aulanier
et al. (1998) argued that filaments are located in weakly twisted flux ropes overlying the
PIL. The filament plasma is located at dips in the field lines, and the barbs represent
local distortions of the flux rope, causing the dips to be displaced from the main filament
path. These distortions are due to parasitic polarities or bipoles in the photosphere below
the filament channel (also see Dudik et al. 2012). Lionello et al. (2002) presented a data-
driven MHD model describing the formation of an observed active region filament. They
showed that the magnetic flux changes in the photosphere can produce a flux rope at
the appropriate location, and that plasma condensations can form at the dips of the field
lines. Su & van Ballegooijen (2012) developed a NLFFF model of a quiescent prominence
observed with SDO and STEREO, and found that the flux rope has magnetic connections
with the surrounding quiet Sun. Other variants of the flux rope model are the quadrupolar
model (Magara et al. 2011) and the double-decker filament model (Liu et al. 2012).

It seems likely that gravity plays an important role in shaping the observed verti-
cal structures. Berger et al. (2008) and Hillier et al. (2012) argued that the observed
structures must be the result of a Rayleigh-Taylor (RT) instability. Van Ballegooijen
& Cranmer (2010) proposed that hedgerow prominences are located in vertical current
sheets, and that the plasma is supported by small-scale “tangled” magnetic fields within
the sheet. Berger (2012) proposed the current sheet is located below an elevated flux rope
(also see Fan 2012). One problem with these ideas is that small-scale tangled fields are not
consistent with the apparent smoothness of the magnetic fields derived from Hanle mea-
surements (e.g., Orozco Sudrez et al. 2013). Haerendel & Berger (2011) suggested that
the observed downflows may consist of plasma packets that squeeze themselves through
the dominantly horizontal field under the action of gravity (also see Low et al. 2012b).
Low et al. (2012a) investigated the coupling between the force balance and energy trans-
port in quiescent prominences, and they suggest that the vertical threads may be falling
across magnetic fields, with optically thick cores much denser and less ionized than con-
ventionally assumed. Hillier & van Ballegooijen (2013) developed a 2.5D model for the
support of prominence material by the dips of a coronal flux rope, and found that the
magnetic field is significantly distorted by the weight of the prominence plasma. For some
magnetic configurations force balance may not be possible unless the ratio of gas- and
magnetic pressures is quite small, 5 < 0.1. This is opposite to Hillier et al. (2012), who
need 3 > 0.1 to obtain RT instability.

Luna et al. (2012) simulated the formation and evolution of a multi-threaded solar
prominence inside a flux rope. The process is governed by thermal nonequilibrium of
the coronal plasma. They find that the condensations in the corona can be divided
into two groups: threads and blobs. Threads are massive condensations that linger in
the dips of the field lines, while blobs are small condensations that rapidly fall to the
chromosphere. This model holds great promise for understanding how mass is supplied
to the prominence. Models for the radiation emitted by prominence plasmas supported
in magnetic dips have been developed by many authors (see Berlicki et al. 2011, Gunér
et al. 2013, and references therein).

The observed hemispheric pattern of chirality (Zirker et al. 1997) has been investi-
gated using models for the coupled evolution of the photospheric and coronal magnetic
fields (see Mackay et al. 2010, and references therein). Recently, Yeates & Mackay (2012)
simulated the evolution of the magnetic field over a full solar cycle. This model includes
the effects of solar differential rotation, meridional flows and supergranular diffusion on
the surface magnetic field, and new active regions are injected into the model in accor-
dance with observed magnetograms (synoptic maps from NSO Kitt Peak). The modeled
corona evolves through a series of nearly force-free equilibrium states, and coronal flux
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(@) D)

Figure 2. Model for the interaction of magnetic elements with a twisted flux rope. (a) Magnetic
field at time ¢ = 200 hrs. The red (green) features are positive (negative) magnetic flux elements
on the photosphere. The colored curves are selected field lines within the flux rope (overlying
field not shown). The blue feature are dips in the field lines (darkness increases with height).
The front side is dominantly positive polarity (red) but has many parasitic (green) elemnts. (b)
Close-up of several right-bearing “barbs” that formed when magnetic elements crossed the PIL.

ropes develop over the PILs. The predicted chirality of these flux ropes is compared
with the observed hemispheric pattern. The authors find that differential rotation can
lead to opposite chirality at high latitudes, but only for about 5 years of the solar cycle
following the polar field reversal. At other times the transport of magnetic helicity from
lower latitudes overcomes the effect of in situ differential rotation, producing the major-
ity chirality even on the polar crowns (Yeates & Mackay 2012). These results indicate
that helicity transport from lower latitudes is important for understanding the hemi-
spheric pattern of filament chirality, and that the corona has long-term memory of its
helicity.

Recently, we developed a model describing the interaction of a coronal flux rope with
magnetic elements in the photosphere. The evolution of the coronal magnetic field is
simulated using the magneto-frictional method (e.g., van Ballegooijen et al. 2000). The
time-dependent boundary conditions include the effects of emerging bipoles, as well as
random motion, splitting, merging and cancellation of magnetic flux elements. The initial
field contains a dextral flux rope with left-helical twist. Figure 2a shows a perspective
view of the flux rope after 200 hours solar time. The blue features are the field-line dips
in the lower half of the twisted flux rope. The curtain of dips is highly distorted by
parasitic polarities below the flux rope, resulting in barb-like extensions. A close-up view
from above (Figure 2b) shows that the barbs are right-bearing for this dextral channel.
Therefore, the model reproduces the observed relationship between dextral (sinistral)
channels and right (left) bearing barbs (Martin et al. 1992), consistent with earlier results
from LFFF models (Aulanier et al. 1998).

In summary, various observations suggest that solar prominences are located in mag-
netic flux ropes that lie horizontally above the PIL. For active region filaments these
flux ropes are thin and almost untwisted; for intermediate and quiescent filaments some
twist seems to be required by the spectro-polarimetric measurements. The plasma may
be supported by dips in the field lines. Models for the 3D magnetic fields in and around
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prominences have been developed using various techniques (e.g., NLFFF and MHD mod-
els). Including the weight of the prominence plasma into such models is difficult because
the pressure scale height of the prominence plasma (H, ~ 300 km) is much smaller than
the typical size of the flux rope. Therefore, modeling quiescent prominences represent a
challenging computational problem.
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