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Abstract

We present a formation process of a filament in active region NOAA 12574 during the period from 2016 August
11 to 12. Combining the observations of the Global Oscillation Network Group Hα, the Hida spectrum, and the
Solar Dynamics Observatory/AIA 304Å, the formation process of the filament is studied. It is found that cool
material (T∼104 K) is ejected by a series of jets originating from the western footpoint of the filament.
Simultaneously, the magnetic flux emerged from the photosphere in the vicinity of the western footpoint of the
filament. These observations suggest that cool material in the low atmosphere can be directly injected into the
upper atmosphere and the jets are triggered by the magnetic reconnection between pre-existing magnetic fields and
new emerging magnetic fields. A detailed study of a jet at 18:02 UT on August 11 with GST/BBSO TiO
observations revealed that some dark threads appeared in the vicinity of the western footpoint after the jet and the
projection velocity of plasma along the filament axis was about 162.6±5.4 km s−1. Using these observations of
the Domeless Solar Telescope/Hida, we find that the injected plasma by a jet at 00:42 UT on August 12
was rotating. Therefore, we conclude that the jets not only supplied the material for the filament, but also injected
the helicity into the filament simultaneously. Comparing the quantity of mass injection by the jets with the mass
of the filament, we conclude that the estimated mass loading by the jets is sufficient to account for the mass in
the filament.
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1. Introduction

Solar filaments/prominences are some of the most common
structures in the corona, and they may lead to energetic coronal
mass ejections (CMEs) and flares when they erupt (Chen &
Shibata 2000; Forbes 2000; Lin & Forbes 2000; Yan
et al. 2013; Xue et al. 2016; Yang et al. 2017). They appear
at the limb as bright features called prominences. In contrast,
they appear on the disk as dark filamentary structures called
filaments. It is widely accepted that solar filaments are cool,
dense plasma structures suspended in the extremely hot solar
corona. They often lie above magnetic polarity inversion lines
(PILs) on the photosphere and are supported by the local
magnetic fields (e.g., magnetic dips or twisted structures)
against the gravity (Babcock & Babcock 1955; Martin 1998;
Yang et al. 2014). Generally, according to their locations on the
solar disk, filaments can be classified as active region filaments,
intermediate filaments, and quiescent filaments (Patsourakos &
Vial 2002; Mackay et al. 2010). Observationally, active region
filaments are lower, smaller, and shorter-lived than quiescent or
intermediate filaments. However, active region filaments are
more likely to erupt than the other two types (Jing et al. 2004;
Parenti 2014).

How cool and dense material is supplied to filaments
embedded in the hot and tenuous corona remains an open
question. On the one hand, many researchers investigated the
formation of filament magnetic field structures and proposed
two different efficient ways to form the magnetic field
structures of filaments: the surface effect (van Ballegooijen &

Martens 1989; Martens & Zwaan 2001; Yan et al. 2015, 2016;
Yang et al. 2016; Wang et al. 2017; Xue et al. 2017; Chen et al.
2018) and the subsurface effect (Okamoto et al. 2008, 2009;
Lites 2009; Lites et al. 2010; MacTaggart & Hood 2010; Yan
et al. 2017). MacTaggart & Hood (2010) analyzed a set of
MHD simulations on filament formation and supported the
observation reported by Okamoto et al. (2008, 2009) that there
was a flux rope emerging under the filament. However, Vargas
Domínguez et al. (2012) reanalyzed the data and found that the
observational evidence was not enough to support the
emergence of a flux rope. It has been reported that the flux
cancellation and convergence in the photosphere play an
important role in the formation of filament magnetic structures
(Wang 2001; Wang & Muglach 2007).
Material origination of the filament is another issue for

understanding the formation of the filament. It is believed that
the material of the large filament must come from the low solar
atmosphere (chromosphere), because not enough plasma could
be supplied for these large filaments in the corona (Pikel’Ner
1971; Zirker et al. 1994). Comparing the elemental abundances
in situ observations with that of the photosphere, Song et al.
(2017) suggested that the plasma of an active region filament
may originate from the lower solar photosphere instead of the
corona.
The mechanisms by which low atmospheric material is

converted into filament material are not fully understood.
According to numerous observations and numerical simula-
tions, three popular models have been proposed by many
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authors: the injection model, the levitation model, and the
evaporation–condensation model (Mackay et al. 2010). The
injection model suggests that the cool plasma is forced upward
into the filament channels or typical filament heights through
sufficient magnetic forces (e.g., magnetic reconnection in the
vicinity of PILs or near the filament footpoints; Priest et al.
1996; Litvinenko & Martin 1999; Wang 1999, 2001). Chae
(2003) reported that the plasma could be ejected into an active
region filament by a succession of jets and small eruptions
through magnetic reconnection in the vicinity of the magnetic
PIL. Liu et al. (2005) reported that the formation of two new
filaments is closely correlated with surges and the cool material
is directly injected into the main axis/channels of filaments by
these surges at one footpoint. Zou et al. (2016) proposed that
the cool material was injected in the form of fibrils to replenish
the filament and proposed that the magnetic reconnection
played an important role in transporting cool material into the
filament.

The levitation model proposes that cool plasma is directly
lifted by rising magnetic fields at the magnetic PIL. In one
scenario of this model, the highly twisted flux rope emerges
from the photosphere and brings up cool plasma in the axis of
rising twisted flux rope (Rust & Kumar 1994; Galsgaard &
Longbottom 1999; Litvinenko & Wheatland 2005; Kuckein
et al. 2012).

Based on the fact that adding heat to a coronal loop increases
the density of the corona accompanied by slightly decreasing
the chromospheric mass, the evaporation–condensation model
has been proposed. According to numerous numerical simula-
tions, many researchers found that the cool material could be
condensed at the apex of the coronal loop by heating near the
footpoints (Antiochos & Klimchuk 1991; Karpen et al.
2005, 2006; Xia et al. 2011, 2012; Kaneko & Yokoyama
2017). Using the observations from SDO/AIA, Liu et al.
(2012) considered that the coronal condensation should be
responsible for the formation of a prominence. Although these
models can explain some observations of the filament
formation, the physical mechanisms of material injection are
still hardly fully understood. Besides, due to the long period of
the formation process, the entire formation process of filaments,
especially quiescent filaments, is difficult to capture.

Compared with quiescent filaments and intermediate fila-
ments, active region filaments need a relatively short time to
form. It takes about several hours to one day to form an active
region filament in general. In this paper, we investigate the
formation process of a filament in active region NOAA 12574
during the period from 2016 August 11 to 12. The whole
formation process through which the filament went from being
absent to being present can be clearly exhibited, which is a rare
case for understanding the formation of the filament. By the
ground-based and space-based observations, the material
injection of the filament is studied in detail. We investigate
jetting events as possible mechanisms for loading mass into the
active region filament. We compare the cumulative mass flux
supplied by the jets with the estimated mass in the filament.
Furthermore, we estimate the magnetic windings injected into
the filament system.

2. Observations and Methods

During the period from 2016 August 11 to 12, a filament
gradually formed in active region NOAA 12574, which was
located in the northeastern hemisphere (e.g., about (−375″,

50″)). Observations from the Global Oscillation Network
Group (GONG; Harvey et al. 1996; Harvey et al. 2011) and
the Solar Dynamics Observatory (SDO; Pesnell et al. 2012)
covered the whole process of the filament formation. Combined
with the observations by Hinode (Kosugi et al. 2007), the
Goode Solar Telescope (GST; Cao et al. 2010), the Domeless
Solar Telescope (DST; Nakai & Hattori 1985), and the
Interface Region Imaging Spectrograph (IRIS; De Pontieu
et al. 2014), two material injection events (two jets) related to
the formation of the filament have been studied in detail.
Full-disk Hα images from six GONG stations are used to

monitor filament formation and evolution over two days. The
CCD plate scale of the Hα images is about 1″ pixel−1 and the
cadence is 1 minute. The data from the Atmospheric Imaging
Assembly (Lemen et al. 2012) and the Helioseismic and
Magnetic Imager (HMI; Scherrer et al. 2012; Schou et al. 2012)
on board the SDO provide full-disk, multiwavelength, high
spatio-temporal resolution observations for this study. The
SDO/AIA has seven extreme ultraviolet (EUV) and three
ultraviolet-to-visible (UV) channel images with the CCD plate
scale of 0. 6 pixel−1. The cadences of EUV and UV channel
images are 12 s and 24 s, respectively. Using the 6173Å Fe I
absorption line, the SDO/HMI can provide the Doppler shift,
line-of-sight magnetic field, continuum intensity, and vector
magnetic field on the solar photosphere with the CCD plate
scale of 0. 5 pixel−1, with the cadences of the three former
channels being about 45 s and that of the latter one being about
12 minutes. The SDO/AIA 304Å images exhibit the formation
process of the active region filament, while the SDO/AIA
1600Å images and SDO/HMI line-of-sight magnetic fields are
utilized to investigate the physical mechanisms of the material
injection related to the filament formation.
TiO (7057Å) images observed by the Broadband Filter

Imagers on the 1.6 m GST at the Big Bear Solar Observatory
with the CCD plate scale of 0. 0342 pixel 1- and a cadence of
15 s provide important information regarding the photosphere
during a jet at 18:02 UT on August 11. The Spectro-polarimeter
instrument (SP; Ichimoto et al. 2008) of the Solar Optical
Telescope (Tsuneta et al. 2008) on board Hinode provides the
photospheric vector magnetic field and Doppler shift with the
CCD plate scale of 0. 16 pixel 1- for this study. The vector
magnetic fields are derived by performing the Milne–
Eddington (M-E) inversion of the spectro-polarimetric profiles
of two magnetically Fe lines at 6301.5 and 6302.5Å (Orozco
Suárez et al. 2007). The retrieval of the vector magnetic field is
carried out by the data analysis pipeline at HAO/CSAC
(Community Spectro-polarimetric Analysis Center of High
Altitude Observatory, Boulder). The data are referred to as
Hinode Level 2 data sets at HAO/CSAC.
Spatially scanned Hα and Ca II K spectrums with the

Horizontal Spectrograph (HS) obtained simultaneously by DST
at Hida Observatory (Ueno et al. 2004) are used to investigate a
material injection event (Jet B) at 00:42 UT on August 12. The
spectral sampling is 0.020Å and the angular sampling along
the slit is 0 24. The full wavelength-range of the obtained
spectrum is 16Å and it scans the observational region at every
15 s. The spatial scan step is about 0. 64 and the time interval
between two spatial steps is 0.05 s. Based on the Hα spectral,
we can calculate the Doppler velocity of Hα by the following
equation v cdop obs 0 0l l l= - *(( ) ) , where obsl is the center
of observational line, 0l is the center of Hα line, and c is the
velocity of light. We use the weight-reverse-intensity method to
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derive the obsl of the Hα line (Su et al. 2016). These velocities
represent the “mean line-of-sight velocity” of the material
along the light path, which is justified for estimating the
direction of the motion (blueshift or redshift) in this study.
These velocities are inferred by assuming that the mean
velocity in the quiet region is zero. IRIS can provide a spectral
scan and slit-jaw images (SJIs) at near-ultraviolet (NUV) and
far-ultraviolet (FUV) lines simultaneously (IRIS; De Pontieu
et al. 2014). The 1400Å SJI and Si IV spectrum of IRIS are
used to investigate the jet in this study. The single Gaussian
fitting method is used to obtain the center of observational Si IV
line for calculating the Doppler velocity of the Si IV line, which
allows us to investigate the properties of the jet nearby the one
footpoint of the filament.

In order to illustrate the morphological structure of the
magnetic fields of the jets and filament, we reconstruct the
coronal magnetic field through a nonlinear force-free field
(NLFFF) model with a series of vector magnetograms observed
by SDO/HMI. NLFFF extrapolation is obtained by using the
“weighted optimization” method (Wheatland et al. 2000;
Wiegelmann 2004) after preprocessing the photospheric
boundary to meet the force-free condition (Wiegelmann et al.
2006). Before the extrapolation, we use a 2×2 rebinning of
the boundary data to 0.72Mm pixel−1 as some authors did
(Sun et al. 2012; Wiegelmann et al. 2012; Liu et al. 2013). The
extrapolated field derived by the NLFFF model extrapolation is
thought to well match the magnetic structures of the
observational images (Wiegelmann et al. 2005). From panels
(c) and (d) of the Figure 1, the magnetic field lines produced by
the NLFFF model extrapolation are roughly compatible with
the EUV loops observed by SDO/AIA 171Å. On the other
hand, the magnetic helicity injection rate across a surface S can
be calculated by using the following equation (Berger &
Field 1984):

A u
dH

dt
B dS2 , 1

S
nò= - ( · ) ( )

in which A is the vector potential of the potential field, u
denotes the velocity of the flux tubes on the boundary (the flux
transport velocity, u V BV Bt n n t= - ( ) ; Démoulin & Berger
2003), and Bn denotes the strength of normal component of the
magnetic field. With an acceptable assumption that the solar
photosphere S is planar, Pariat et al. (2005) proposed that the
helicity injection rate could be transformed to:
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where r x x= - ¢ denotes the vector between two photo-
spheric points defined by x and x′, u and u¢ are the homologous
velocities of two different points. A good proxy of helicity flux
density Gθ(x) can be then defined as:
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We use the differential affine velocity estimator for the vector
magnetograms (DAVE4VM) method to compute the velocity
of the flux tubes (Schuck 2008). The whole active region of the

vector magnetograms (see Figure 1(b)) are used to compute the
helicity flux density. The method is similar to that used by Jing
et al. (2012). Once the helicity flux density has been
determined, the helicity flux can be integrated by the integral
region using Equation (2).

3. Results

3.1. The Formation Process of the Filament

A filament, located in active region NOAA 12574 on the
northeast hemisphere (see Figure 1(a)), formed gradually
during the period from 04:00 UT on 2016 August 11 to
04:00 UT on August 12. The entire formation process of the
filament was observed by several ground-based and spaced-
based telescopes. Figure 2 displays the formation process of the
filament in SDO/AIA 304 Å and Hα bands. As is shown by
GONG Hα observations in panels (a)–(c), the filament was
absent at 05:34:34 UT on August 11. The filament formed
completely at 03:30:34 UT on August 12. The corresponding
SDO/AIA 304Å images are shown in panels (d)–(f). Panels
(g)–(i) show the photospheric line-of-sight magnetic fields
observed by SDO/HMI. The detailed formation process of this
filament is shown in the animated versions of Figures 2(a)–(c).
According to the animations of Figures 2 and 3, a series of

jets occurring on the western footpoint of the filament during
the formation of the filament injected mass into the coronal
height. As cool plasma was injected into the filament by the
jets, the dark and elongate filament appeared in the field of
view. During the early period from 04:00 UT to 12:30 UT on
August 11, most of the plasma was lifted to the filament height
from the western footpoint by the jets, and then threw down to
the other footpoint. There was only a fraction of plasma that
could be retained in the filament height. This might be related
to the local magnetic structure, which is too small “dips” or a
twisted magnetic structure that existed in the local corona to
capture the injected plasma. This also means that not all plasma
injected by the jets can be transformed to the filament material.
At a later period, most of the lifted plasma was trapped in the
filament and became the material of the filament instead of
falling down to the other footpoint. Figure 3 shows several jets
occurring in the vicinity of the western footpoint of the
filament. Panels (a1)–(a4) show four jets in different moments
in SDO/AIA 304Å observations, which are marked by white
arrows nearby the western footpoint of the filament. Panels
(b1)–(b4) exhibit that the cool material was injected into the
filament from the low solar atmosphere after each jet, while the
brightening in SDO/AIA 1600Å could also be identified
nearby the western footpoint of the filament during each jet in
panels (c1)–(c4). It is found that a number of cool plasma blobs
were directly injected into the filament driven by each jet.
As described in Section 2, we use the NLFFF model to

extrapolate the magnetic structures of the jets and the filament.
Figure 4 shows the selected magnetic field lines at different
moments. Panels in the left column show the magnetic
structure seen from top side view, while panels in the right
column show the perspective from the left (solar east). Panels
(a) and (b) and panels (c) and (d) show the magnetic field lines
at 04:00:00 UT and 14:00:00 UT on August 11, respectively,
while panels (e) and (f) show the selected magnetic field lines
at 22:00:00 UT on August 11. At 04:36:00 UT, there were
two flux tubes existing in the field of view before eruption of
the jets. The small tube corresponds to the magnetic structure
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of the emerging magnetic field. When the jet erupted, it
reconnected with the big flux tube and formed a much larger
flux tube (see Figures 4(c) and (d)). The repeated process was
observed during a series of jet eruptions, and the magnetic
structure of the filament finally formed (see Figures 4(e)
and (f)).

In order to understand the physical mechanism of these jets
injecting material for the filament, we calculate the magnetic
flux, magnetic helicity, and intensity of SDO/AIA 304Å
nearby the western footpoint of the filament (the region marked
by the yellow box of Figure 2(g)). We only calculate the
positive magnetic flux because of the complexity of the
negative magnetic flux in this region. Panels (a)–(c) of Figure 5
show the time variations of the positive magnetic flux,
magnetic helicity, and intensity of SDO/AIA 304Å during
the period from 04:00 UT on August 11 to 04:00 UT on August
12 in the yellow box of the Figure 2(g), respectively. The
increases of the SDO/AIA 304Å intensity during the periods

of the jets related to the formation of the filament nearby the
western footpoint were identified, which are marked by red
arrows in panel (c). Vertical blue dashed lines indicate the
onsets of the jets. In panel (a), it is found that the positive
magnetic flux almost increased to twice that during the period
from 04:00 UT on August 11 to 00:00 UT on August 12. The
increase of the magnetic flux manifests that the magnetic flux
emerged in the vicinity of the western footpoint of the filament.
It is believed that the flux emergence nearby the western
footpoint of the filament played an important role in the
occurrences of these jets. On the other hand, the magnetic flux
decreased by 5%–10% after several jets (such as the last four
marked jets). Panel (b) shows the evolution of the helicity
injection rate and accumulated helicity. The helicity injection
rate is shown by the solid black line, while the red dotted–
dashed line indicates the accumulated helicity. The accumu-
lated helicity is calculated by the time integral of the helicity
injection rate and we set it to zero at 04:00 UT on 2016 August

Figure 1. Observations of active region NOAA 12574 at about 12:00 UT on 2016 August 11. (a) Line-of-sight magnetic field from SDO/HMI. White denotes the
magnetic field with positive polarity, while black denotes the magnetic field with negative polarity. (b) Photospheric vector magnetogram from SDO/HMI,
corresponding to the region marked by the red dotted–dashed box in panel (a). The blue arrows indicate the transverse field. (c) SDO/AIA 171 Å image. (d) The
magnetic field lines derived from the NLFFF model extrapolation.

4

The Astrophysical Journal, 863:180 (17pp), 2018 August 20 Wang et al.



11. It is found that the negative helicity injection was dominant
and the negative accumulated helicity was constantly increas-
ing. It is noted that the negative helicity is injected into the
upper atmosphere nearby the western footpoint of the filament.
It does not mean that all the injected helicity is stored in the
filament. Based on the above observations, we propose that
these jets were triggered by the magnetic reconnection between
closed pre-existing magnetic fields and emerging magnetic
fields nearby the western footpoint of the filament. Moreover,
these jets injected massive cool plasma into the filament. Some
of the lifted plasma could stay in the corona height and became
the filament material. However, some of the lifted plasma could

not maintain stability in the corona and eventually descended at
the other footpoint. Thereafter, the dark and elongated filament
appeared. In the meantime, some of the post-reconnected
magnetic fields would sink because of the relaxation of
magnetic fields after these jets, which corresponded to the
cancellation of the magnetic flux in the photosphere.

3.2. Two Material Injection Events Related to the Filament
Formation

To better investigate the material injection of this active
region filament, we present two material injection events (Jet A
and Jet B) that are studied in detail as examples, respectively.

Figure 2. Formation process of the filament. (a)–(c) Hα images observed by GONG in different moments. The animation associated with this figure begins on 2016
August 11 05:31:34 and ends on 2016 August 12 03:58:34. The duration is 43 s. (d)–(f) The corresponding SDO/AIA 304 Å images. (g)–(i) The corresponding line-
of-sight magnetic fields from SDO/HMI. White patches denote the magnetic field with positive polarity, while black ones denote the magnetic field with negative
polarity. The yellow rectangle in panel (g) indicates the region for calculating different physical quantities in Figure 5.

(An animation of this figure is available.)
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Jet A occurred at 18:02 UT on August 11, and Jet B occurred at
00:42 UT on August 12. We utilize the data observed by SDO/
AIA, GST/BBSO, and Hinode/SP to investigate the Jet A,
while the data observed by SDO/AIA, DST/Hida, and IRIS
were used to investigate the Jet B.

3.2.1. The Jet A at 18:02 UT on August 11

Jet A occurred at 18:02 UT on 2016 August 11. Panels (a)–
(d) of Figure 6 show the process of the jet in SDO/AIA 304Å
images. As is shown, the jet occurred nearby the western
footpoint of the filament and then lifted the plasma from the
western footpoint of the filament into the filament. In order to
investigate the photospheric response of this jet, TiO images
observed by GST are utilized to show the change of
photosphere during the jet. The field of view of TiO images
corresponds to the region marked by the white box in panel (a).
Panels (e)–(g) of Figure 6 exhibit TiO observations at the
western footpoint of the filament during the period covering the
jet. It is found that some dark threads in the photosphere

appeared in the vicinity of the western footpoint after the jet,
which was marked by the blue arrow in panel (g). Panels (h)–(i)
of Figure 6 show the vector magnetograms observed by SDO/
HMI at 17:48:00 UT and at 18:24:00 UT, which correspond to
the times before and after the jet, respectively. Panel (j) of
Figure 6 shows the difference of magnetic field inclination
at 18:24:00 UT and at 17:48:00 UT. The magnetic field
inclination is calculated by the following formula: q =

bx by bzarctan 2 2+( ∣ ∣). Thus, the positive value of the
difference of magnetic field inclination means that the magnetic
field became more horizontal, while the negative value means
that the magnetic field became more vertical. It is found that the
difference value of magnetic inclination at the location marked
by the black circle in panel (j) of Figure 6 is positive where
some dark threads appeared after the jet. This means that the
magnetic field became more horizontal after the jet. Therefore,
it is reasonable to suspect that the appearance of dark threads
would be associated with the change of the magnetic field
after the jet. Due to the magnetic reconnection between the

Figure 3. Series of typical jets that occurred on the western footpoint of the filament, which injected massive plasma into the filament. (a1)–(a4) The jets in SDO/AIA
304 Å images. The white arrows indicate jets related to the formation of the filament. (b1)–(b4) GONG Hα observations after each jet. This sequence can be seen in
the animation associated with Figure 2. (c1)–(c4) The corresponding SDO/AIA 1600 Å images during each jet.
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Figure 4. Selected magnetic field lines derived by using an NLFFF extrapolation model at different times and different views. The left columns are seen from the top
side view, while the right columns are seen from the left side view. The blue lines indicate the selected magnetic field lines. The background indicates the radial
magnetic field.
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pre-existing magnetic field and emerging magnetic field during
the jet, the magnetic field became more horizontal with the
relaxation or sinking of the post magnetic reconnection field.
Therefore, the more dark threads appeared as the magnetic field
became more horizontal. In other words, dark threads are the
representation of the magnetic field with big inclination in the
photosphere.

In order to understand the property of the injected plasma,
we make a time–distance diagram to estimate the velocity of
the injected plasma along the axis of the filament. The path of
the time–distance diagram is made by the pink dotted–dashed
line in panel (a) of Figure 6. Figure 7(a) shows the time–
distance diagram derived from the SDO/AIA 304Å observa-
tions. According to the time–distance diagram, the projection
velocity of the heated plasma along the axis of the filament is
about 162.6±5.4 km s−1. Figures 7(b) and (c) show the vector
magnetic field and Doppler shift on the photosphere nearby the
western footpoint of the filament. The field of view of panel (b)
of Figure 7 is marked by the blue box in panel (e) of the
Figure 6. The blue arrows in panel (b) denote the transverse
magnetic fields, while the white and the black patches denote

the radial positive and negative magnetic field, respectively. It
is found that the western footpoint of the filament rooted in
negative magnetic polarity. Therefore, it is easy to derive that
the direction of the injected plasma along the axis of the
filament went from a negative polarity to a positive one.

3.2.2. Jet B at 00:42 UT on August 12

Jet B occurred at 00:42 UT on August 12. This jet also
appeared in the vicinity of the western footpoint of the filament
at the same place as other jets. This material injection process
was captured by DST/Hida, SDO/AIA, and IRIS telescopes,
simultaneously. Figure 8 shows the process of the jet in
different wavelengths and in different moments, respectively.
Panels (a)–(c) show the jet acquired at SDO/AIA 304Å, while
panels (d)–(f) and (g)–(i) are images reconstructed by using the
center of the Hα 6562.8Å and Ca II K 3933Å spectrum
observed by the DST/Hida, respectively. According to
Figure 8, a massive cool plasma was injected into the filament
driven by this jet in different wavelengths. After the jet, the
filament became broader and darker. At about 23:47 UT, the

Figure 5. Time variations of the positive magnetic flux, magnetic helicity, and SDO/AIA 304 Å intensity in the yellow rectangle of Figure 2(g) during the period from
04:00 UT 2016 August 11 to 04:00 UT August 12. (a) The time variation of the positive magnetic flux. (b) The time variations of the helicity injection rate and
accumulated helicity. Helicity injection rate is shown by the solid black line and the red dotted–dashed line indicates the accumulated helicity. (c) The line profile of
the time variation of the intensity of SDO/AIA 304 Å. The perpendicular red arrows denote several jets related to the material injection of the filament nearby the
western footpoint of the filament. Blue dash lines indicate the onset of each jet.
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dark structure (marked by the white arrow in panel (d)) filled
with massive plasma, existed nearby the western footpoint of
the filament. At about 00:59 UT, the plasma in the dark
structure started to be injected into the filament driven by the jet
at 00:42 UT. At about 01:38 UT, all of the plasma had been
injected into the filament. And then this dark structure (marked
by the white arrow in panel (d)) disappeared while the filament
became broader and darker.

In order to investigate the injected plasma, we analyze the
spectrum of Hα and Ca II K lines during the period of the jet.
Figure 9(a) exhibits the profiles of Hα at different sites. The

blue line is the profile of Hα at the site marked by the blue plus
sign (+) in panel (e) of Figure 8, while the red line is the profile
of Hα at the site marked by the red plus sign in panel (e). The
black line indicates the profile of the quiet Sun. The blue
line displays the blueshift signature, while the red one displays
the redshift signature. Figure 9(b) shows the line profiles of the
Ca II K line at different sites. The blue line shows the profile of
Ca II K at the site marked by the blue plus sign in panel (h) of
Figure 8, while the red line is the one at the site marked by the
red plus sign in panel (h). The black line indicates the profile of
the quiet Sun, which is the same as that in panel (a). A feature

Figure 6. Evolution of a jet at 18:02 UT on 2016 August 11. (a)–(d): SDO/AIA 304 Å images. The pink dotted–dashed line in panel (a) denotes the path of the slice,
and the white box denotes the field of view of panels (e)–(j). (e)–(g): Tio images observed by GST/BBSO. The blue box in panel (e) denotes the field of view of
Figures 7(b) and (c), while the blue arrow in panel (g) points out the increase of the dark thread after the jet. (h)–(i): Vector magnetograms observed by SDO/HMI.
The blue arrows denote the transverse magnetic fields, while the backgrounds denote the vertical magnetic fields. (j) The different magnetic field inclination between
18:24:00 UT and 17:48:00 UT. The red color denotes a positive value, while the blue color denotes a negative value. Two black circles mark the location of the
increase of the dark thread after the jet.
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similar to the Hα profile could be found in Ca II K line, in
which the blue- and redshifts are also shown by the blue and
red lines, respectively. The blue- and the redshifts manifest that
the cool injected plasma displayed different motion states at
different sites during the jet.

Panel (c) of Figure 9 shows the profiles of Si IV 1402.8Å
observed by IRIS. The blue line shows the profile of the Si IV
line at the site marked by the blue plus sign in panel (d) at
01:02:26 UT on August 12, while the black line shows the
profile of the Si IV line at the site marked by the black plus sign
at 01:06:49 UT on August 12. Panel (d) shows the SJI of the
1400Å band nearby the western footpoint of the filament
during the jet. With the method described in the Section 2, we
use a single Gaussian fitting method to derive the Doppler
velocities of these two profiles of the Si IV lines. The Doppler
velocity of the blue line was about −16.11 km s−1, while that

of the black line was about 13.81 km s−1. This means that the
heated plasma driven by the jet at the position of the blue
plus sign showed an upward motion, but that at the position of
the black plus sign exhibited downward motion. As is well
known, some plasma was injected into the filament, which is
manifested as blueshifts of the Si IV line. However, some
injected plasma could not remain in the filament due to the
imbalance between magnetic support and gravitation, and fell
down to the western footpoint of the filament. Therefore, it
showed the redshift in the line profile of Si IV 1402.8Å at
01:06:49 UT on August 12.
Figure 10 shows the process of the jet in the Hα line

observed by DST/Hida. Reconstructed images at five different
moments during the jet are shown. The reconstructed image is
constructed from a set of one scan data at fixed wavelengths.
Panels (a1)–(a5) show the jet in the center of the Hα, while

Figure 7. (a) The time–distance diagram along the pink dotted–dashed line in panel (a) of Figure 6. (b) The vector magnetic field observed by the Hinode/SP
instrument at the western footpoint of the filament. The background denotes the radial magnetic field while blue arrows denote transverse magnetic field. (c) The
Doppler shift derived from FI 6302.28 Å observed by the Hinode/SP instrument.
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panels (b1)–(b5) and panels (c1)–(c5) are the corresponding
images reconstructed by using +0.6Å and −0.6Å of Hα
spectrum from DST/Hida, respectively. Panels (d1)–(d5) show
the Doppler velocity derived from Hα spectral data with the
method described at Section 2. It is noted that the maximum of

the Doppler velocity is smaller than 15 km s−1. In panel (a1),
massive dark plasma was driven by the jet to move close to the
filament at 00:53:01 UT. In the meantime, panels (b1) and (c1)
exhibit the corresponding images constructed in Hα–0.6Å and
Hα+0.6Å. The Doppler velocity is shown in panel (d1). As is

Figure 8. Observations of a jet at 00:42 UT on August 12. (a)–(c) SDO/AIA 304 Å images before, during, and after the jet. (d)–(f) Corresponding constructed Hα
images by the center of Hα spectrum observed by Hida/DST. The white arrow in panel (d) indicates the dark structure nearby the western footpoint of the filament.
The blue and red plus signs (+) in panel (e) are the sites of the spectral lines in Figure 9(a), respectively. (g)–(i) Corresponding constructed Ca II K images by the
center of Ca II K spectrum observed by Hida/DST. The blue and red plus signs (+) in panel (h) are sites of the spectral lines in Figure 9(b), respectively.
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shown, the eastern part of the injected plasma exhibited
blueshift, while the western part of the injected plasma showed
redshift. Combined with the observation of SDO/AIA 304Å,
we infer that the injected plasma was rotating. Based on the
location of the filament, it was counterclockwise when viewed
from the apex to the western footpoint of the filament.

At 01:03:58 UT on August 12, the jetted plasma began to be
injected into the filament. At 01:13:33 UT, the jetted plasma
had been injected to the filament and became the material of the
filament. At 01:19:57 UT, the filament experienced a little
activity after the injection of material. At 01:46:19 UT, the
filament became broader and larger after this event. According
to the corresponding velocity in panels (d2)–(d5), two
interesting features were found. First, as the rotated plasma

was injected into the filament, the filament also experienced
counterclockwise rotation, which is shown in panels (d2) and
(d3). Second, the filament exhibited inverse rotation after the
counterclockwise rotation. We conjecture that the counter-
clockwise rotation of the filament was caused by the injected
twisted magnetic field structure, which was transformed from
the jet into the filament. The reason for the inverse rotation of
the filament was the back action that balanced the magnetic
field configuration after the injection of the twisted magnetic
field by the jet. Based on the behaviors mentioned above, we
conclude that the jet caused by the reconnection between the
twisted structure magnetic field with massive plasma and the
filament magnetic field also injected the magnetic helicity into
the filament. In other words, the jet not only forced the plasma

Figure 9. (a) Line profiles of Hα from DST/Hida. The black line denotes the line profile of the quiet Sun. The blue one represents the blue plus sign (+) in panel (e) of
Figure 8, while the red one represents the red plus sign (+). (b) Line profiles of Ca II K from DST/Hida. The black line denotes the line profile of quiet Sun. The blue
one represents the blue plus sign in panel (h) of Figure 8, while the red one represents the red plus sign. (c) Line profiles of Si IV 1402.8 Å. The blue line represents the
blue plus sign in panel (d), and the black line corresponds to the black plus sign in panel (d). (d) The SJI of 1400 Å observed from IRIS.
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into the filament, but also affected the configuration of the
filament magnetic field.

4. Estimation of the Jet’s Mass, the Filament Mass, and the
Upper Limit of the Twist

With the assumptions that the speed of the injected plasma is
constant and the cross-section of the jet is circular, we calculate
the total mass carried by the jets. The quality of mass injection
can be calculated by the following equation:

M m n
w

vt
4

, 5j H H

2p
= ( )

where mH is the quality of the hydrogen atom, nH is the total
hydrogen number density, w is the jet width, v is the jet speed,
and t is the jet duration. We assume that the density of the jets
is equal to that of the chromosphere. The total hydrogen
number density nH is about 1.71 1.55 1010+ ´( ) cm−3 (the

model A from Fontenla et al. 1993), while the mass of the
hydrogen atom mH is about 1.67×10−24 g.
Table 1 presents the parameters of the jets. The total mass

carried by jets is about 16×1014 g. The last four jets supply
most of the mass, which is more than 97% of the total mass.
According to the enhancements of the SDO/AIA 304 Å
intensity during the jets (see Figure 5(c)), the intensity levels of
the last four jets are bigger than the former three jets. Therefore,
it is reasonable that the last four jets carried most of the mass.
Under the simple assumption that the filament is a circular

column, the quality of the mass in the filament Mf is estimated

using the equation: M n m Lf
w

fH H 4
f
2

=
p

, where nH is the total
hydrogen density of the filament, wf is the filament width, and
Lf is the filament length. According to the shape of the filament,
we obtain Lf=56.1 Mm and wf=10.4 Mm. The total
hydrogen number density nH in the filament is between 3×
1010 cm−3 (Stellmacher & Wiehr 1997) and 3×1011 cm−3

(Hirayama 1986). The total filament mass is estimated to be in
the range of (2.39−23.9)×1014 g. Comparing the total mass

Figure 10. Evolution of the jet at 00:42 UT on August 12 observed from DST/Hida. (a1)–(a5) The constructed images of the center of Hα. (b1)–(b5) The constructed
images of Hα+0.6 Å. (c1)–(c5) The constructed images of Hα–0.6 Å. (d1)–(d5) The corresponding Doppler shifts derived by Hα spectra.
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carried by the jets with the mass of the filament, the total mass
carried by the jets is compatible with the range of the filament
mass and very close to the upper value of the filament mass.
Thus, the estimated mass loading by the jets is sufficient to
account for the mass in the filament.

We estimate the twist injected into the filament system by the
formula, T H 2f= , where H is the cumulative helicity and f
is the magnetic flux contained in the eventual filament. T
presents the twist in units of turns. It would provide an upper

limit to the number of windings in the filament, if all the
helicity injected were stored in the filament. The flux in the
filament can be estimate by using the equation B ds

s tòf = ,
where Bt is the transverse magnetic field strength, and s is the
cross-section of the filament. The range of the transverse
magnetic field strength in the active region filament is from
500 to 600 G (Kuckein et al. 2009; Xu et al. 2012). The cross-
section of the filament, s w 2f

2 p= *( ) , is about 8.5×
1017 cm2. Using these values, we derive that the magnetic

Table 1
The Dynamical Parameters of Jets

Start Time Jet Width(w) Jet Speed(v) Duration(t) Mass(Mj)
(UT) (Mm) (km s−1) (minutes) (1014 g)

2016 Aug 11 10:52 0.97 73.2 11 0.02
2016 Aug 11 11:28 2.04 55.3 14 0.08
2016 Aug 11 11:57 2.70 133.2 16 0.40
2016 Aug 11 13:17 6.88 174.6 33 6.99
2016 Aug 11 15:02 7.57 121.9 21 3.76
2016 Aug 11 18:02 4.94 162.6 22 2.24
2016 Aug 12 00:42 5.59 88.7 35 2.49

Figure 11. Cartoon showing the formation of the filament by jets.
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flux in the eventual filament is from 4.25×1020 to
5.10×1020 Mx. According to the formulas, the upper limit
of the twist T is between 2.85 and 4.11 turns.

5. Conclusion and Discussion

In this study, we examined the formation of a filament in
NOAA AR 12574. The material injection of the filament is
mainly investigated. This is a rare set of observations.
Beginning with the time when the filament did not exist, both
ground-based and space borne observatories provided contin-
uous coverage of its formation over the next two days. SDO,
GONG, and Hida observations covered the entire process of the
filament material injection. We focus on the mechanism of the
transportation of the filament material. On the one hand, we
analyze the variation of the magnetic flux nearby the western
footpoint of the filament, which is associated with the material
injection events (jets). On the other hand, two mainly material
injection events are investigated in detail. One occurred at
18:02 UT on August 11 and the other occurred at 00:42 UT on
the next day. The main results are as follows:

1. Material of the filament originates from the low solar
atmosphere. The material of the filament is supplied by a series
of jets. These jets occurred nearby the western footpoint of the
filament and forced massive plasma from the low atmosphere
to the filament. Jets provide a sufficient and direct way to carry
dense and cool plasma from the low atmosphere into the high
atmosphere.

2. Flux emergence should be responsible for occurrences of
these jets. These jets were caused by the magnetic reconnection
between the emerging magnetic field and the pre-existing
magnetic field nearby the western footpoint of the filament.

3. The projection velocity of heated plasma along the
filament axis during Jet A at 18:02 UT on August 11 was about
162.6±5.4 km s−1. For Jet B at 00:42 UT on August 12, we
find the LOS velocity of cool injected plasma derived by the
Hα spectrum was smaller than 15 km s−1. Furthermore, using
the Si IV line from IRIS observations, it is found that the
blueshift was about 16.11 km s−1, while the redshift was about
13.81 km s−1.

4. Jets not only injected the plasma from the low atmosphere
into the filament, but also injected the magnetic helicity into the
filament, simultaneously. The rotating injected plasma mani-
fested that the twisted structure had existed in the emerging
magnetic field. The twist in the emerging magnetic field could
be transformed into the filament when the emerging magnetic
field interacted with the filament.

5. The total mass carried by jets is estimated to be about
16×1014 g, while the filament mass is estimated to be in the
range of (2.39−23.9)×1014 g. Thus, the mass carried by the
jets is sufficient to account for the mass in the filament.

Previous work on quiescent filaments has shown that the mass
in such filaments is supplied from the low atmosphere instead of
the corona (Pikel’Ner 1971; Zirker et al. 1994; Mackay et al.
2010). The same origin can also be inferred for the active region
filament in our study. This study suggests that jets can provide
the supply of mass from the lower atmosphere to active region
filaments, which is consistent with previous reports (Wang 1999;
Chae 2003; Liu et al. 2005; Zou et al. 2016). Although the
evaporation–condensation model provides another way to
supply the mass for the filaments, which is supported by
numerous numerical simulations, but the observation evidences
are rare (Mackay et al. 2010; Liu et al. 2012; Parenti 2014).

Besides, there are two different magnetic reconnection sites for
injecting material into the filament in the previous studies. One is
at the PIL, and the other is nearby the footpoints of the filament
(Chae 2003; Liu et al. 2005). In this study, the magnetic
reconnections occurred at the western footpoint of the filament.
In this study, a lot of cool material was carried into the

filament by the jets. Takasao et al. (2013) studied the
acceleration mechanisms of chromospheric jets associated with
emerging flux using a two-dimensional magnetohydrodynamic
(MHD) simulation and found that slow-mode waves play key
roles in the acceleration mechanisms of chromospheric jets.
They mainly investigated two example jets resulting from
magnetic reconnection near the photosphere and in the upper
chromosphere and suggested three types of acceleration
mechanisms of cool jets: shock acceleration type, shock and
whip-like acceleration type, and whip-like acceleration type
(Yokoyama & Shibata 1996). Therefore, the magnetic
reconnection plays an important role in the transportation of
filament material. The jet is a quite sufficient and direct way to
carry dense and cool plasma from the lower atmosphere to the
upper atmosphere.
It is found that the apparent plane-of-sky velocity of the

bright material in the SDO/AIA 304Å channel is about
160 km s−1 during Jet A, while the Doppler velocities derived
from the Si IV and Hα line diagnostic is 10–20 km s−1 during
Jet B. For the order of magnitude difference in speed, it might
be associated with the topology structure of the magnetic field
of the filament. The plasma moves along the magnetic field
lines due to the low β (the ratio of gas to magnetic pressures) in
the corona and the magnetic field structure of the filament is
almost horizontal (see Figure 4). Furthermore, the filament is
close to the center of the solar disk. Thus, it is reasonable that
the plane-of-sky velocity of the bright material is significantly
faster than the line-of-sight Doppler velocity from the Si IV and
Hα diagnostic.
Observationally, some coronal jets are associated with

magnetic flux emergence or cancellation, which are believed
to be sources of significant mass and energy to input into the
upper solar atmosphere (Shimojo et al. 1998; Wang 1999; Liu
& Kurokawa 2004; Isobe et al. 2007; Adams et al. 2014; Raouafi
et al. 2016; Hong et al. 2017; Li et al. 2017). However, there are
also some studies of coronal jets, which are not associated with
clear signatures of flux emergence (Moore et al. 2013, 2015;
Sterling et al. 2015, 2016, 2017). In many MHD simulations of
coronal jets, the jets can be caused by the magnetic reconnection
between an emerging magnetic flux and the pre-existing magn-
etic field (Yokoyama & Shibata 1995, 1996; Moreno-Insertis
et al. 2008; Moreno-Insertis & Galsgaard 2013; Cheung & Isobe
2014). The other signature during the jet is accompanying
photospheric flux cancellation, which would be considered to be
a consequence of the magnetic reconnection after the jets.
Shimojo et al. (1998) explained that the flux cancellation during
the jet is due to the rate of flux emergence, which is smaller than
the rate of photospheric reconnection. Sometimes, magnetic
cancellation during jets is also due to the sink of inverse U-loops
into the convection zone after the magnetic reconnection.
Traditionally, jets are triggered by the magnetic reconnection
between small closed magnetic field and adjacent open magnetic
field (Moreno-Insertis et al. 2008; Cheung & Isobe 2014; Raouafi
et al. 2016). In addition, some authors also reported that some jets
are related to magnetic reconnection between two sets of closed
magnetic fields, which are often associated with a fan-spine
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magnetic topology (Cheung et al. 2015; Wyper et al. 2016; Li
et al. 2017). The hot or cool plasma are either spurted into the
outer atmosphere and become CME or fall back to the low
atmosphere, depending on the releasing energy of the magnetic
field associated with jets (Canfield et al. 1996; Yokoyama &
Shibata 1996). In our study, we deduce that the magnetic
emergence played an important role in producing these jets.
Interestingly, the magnetic reconnection in our study was caused
by closed and closed magnetic field instead of closed and open
magnetic field. Therefore, the plasma jetted from jets could
remain in the corona due to the magnetic dips, which usually
exist in the closed magnetic field. On the other hand, we find that
the same dark threads appeared on the photosphere after one jet
occurred at 18:02 UT on August 11. This is due to the increase of
the transverse magnetic field, which may be associated with the
sink of the small post-jet magnetic field.

The untwisting motion is often found in the jet events, which
suggests that magnetic helicity stored in the closed emerging flux
is transferred to the outer corona (Pike & Mason 1998; Sterling
et al. 2010; Shen et al. 2011; Curdt et al. 2012; Schmieder et al.
2013; Moore et al. 2015). Shibata & Uchida (1986) suggested
that the sudden release of the magnetic twist into an open flux
tube is most likely to be due to the reconnection between a
twisted loop and the open flux tube during the jet. Furthermore,
this model was explained as the untwisting motion during the jet
by other authors (Canfield et al. 1996; Moore et al. 2015).
Similarly, we also find that the injected plasma was rotating
during a jet. We deduce that the emerging closed magnetic field
was a highly twisted structure. Due to magnetic reconnection
between emerging closed magnetic field and closed magnetic
field, the twist existing in the emerging closed magnetic field
should be transformed to the closed magnetic field of the
filament. Therefore, the jets not only injected the cool plasma
into the filament height, but also influenced the configuration of
the magnetic field of the filament. The magnetic field topology
of the filament became more and more nonpotential after a series
of jets, which is due to the fact that the twist was transformed
from the emerging magnetic field to the filament during periods
of the jets. We draw some cartoons to illustrate this scenario.
While the twisted emerging magnetic field reconnected with the
pre-existing closed magnetic field, the twist was transformed to
the long post-reconnected magnetic field and the material was
injected into the long post-reconnected magnetic field (see
Figures 11(a)–(b)). After the magnetic reconnections occurred
between emerging magnetic fields and the pre-existing closed
magnetic fields several times, the magnetic field became more
and more twisted and the injected material increased (see
Figures 11(c)–(d)). The difference from the model suggested by
Shibata & Uchida (1986) is that the twist is transformed to the
long post-reconnected magnetic field instead of releasing in the
open flux tube. We conjecture that the jetted plasma that fell
down to another footpoint in the early stage might be related to
the local magnetic structure. At the beginning, less twisted
structure existed in the filament magnetic structure. Therefore,
the jetted plasma was hardly captured by the local magnetic
field. As a series of jets happened and transformed the twist into
the filament, the filament magnetic structure became more and
more twisted and easily captured the jetted plasma. Thus, it is
possible that material injection and magnetic structure of the
filament should form at the same time, especially for active
region filaments.
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