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Abstract we present a small flux rope (SFR) with smooth magnetic field rotations entrained by rolling
back magnetic field lines around 1 AU. Such SFRs have only been seldom reported in the literature. This
SFR was adjacent to a heliospheric plasma sheet (HPS), which is defined as a high plasma beta region in the
vicinity of a heliospheric current sheet. Even though the SFR and HPS have different plasma beta, they
possess similar plasma signatures (such as temperature, density, and bulk speed), density ratio of alpha
particle-to-proton (N,/Np), and heavy ion ionization states, which imply that they may have a similar origin in
the corona. The composition and the configuration of the rolling back magnetic field lines suggested that
the SFR originated from the streamer belt through interchange reconnection. The origin processes of the SFR
are presented here. Combining the observations of STEREO and ACE, the SFR was shown to have an axis tilted
to the ecliptic plane and the radius may vary with different spatial positions. In this study, we suggest that
interchange reconnection can play an important role for the origin of, at least, some SFRs and slow solar wind.

1. Introduction

Interplanetary magnetic flux ropes can be classified into two categories based on their spatial scales, the
large-scale magnetic clouds (MCs, ~day) and the small-scale flux ropes (SFRs, ~hour) [Cartwright and
Moldwin, 2008; Tian et al., 2010]. The main criteria of SFRs [e.g., Feng et al., 2015] include the following: the
magnetic field configurations can be approximately described with constant force-free flux ropes, the dura-
tions are no more than 12 h, and their diameters are less than 0.2 AU. Generally, both SFRs and MCs [e.g.,
Janvier et al., 2014a; Feng et al., 2015] have similar bulk speed, proton density, and can be relatively well fitted
with the Lundquist flux rope model [Lundquist, 1950]. Nevertheless, the SFRs differ from MCs not only in spa-
tial and temporal scales but also in some other characteristics. The SFRs display a relatively higher proton
temperature, lower magnetic field magnitude, and consequently larger plasma beta than that of MCs
[Janvier et al., 2014a]. Yu et al. [2014] further found that the proton temperature in small transients, an
extended range of SFRs, is not significantly lower than the expected temperature, which is derived from
the well-established correlation between the solar wind speed and temperature for normal solar wind expan-
sion [Richardson and Cane, 1995, and references therein]. The large-scale MCs, which have been thoroughly
studied, are associated with strong solar eruptions and drive major space weather events [e.g., Lawrance
et al.,, 2016; Liu et al., 2016]. The origins of SFRs and their contributions to the slow solar wind have attracted
much attention in recent years [Moldwin et al., 2000; Kilpua et al., 2009; Rouillard et al., 2011; Feng et al., 2015;
Yu et al., 2014, 2016].

The solar corona and interplanetary medium are believed to be the source regions for SFRs based on some
statistical studies [e.g., Mandrini et al., 2005; Cartwright and Moldwin, 2008; Moore et al., 2010; Janvier et al.,
2014a, 2014b; Feng et al., 2015; Yu et al., 2016], but these studies generally provided indirect evidences.
The SFRs are easily influenced by ambient solar wind because of their small sizes; therefore, it is important
to remove the propagation effects to get direct proofs [Janvier et al, 2014a; Feng and Wang, 2015].
Mandrini et al. [2005] first linked a sigmoid erupted from an X-ray point to a very small MC with a radius of
0.016 AU, i.e, SFR, based on multiinstrument and multiwavelength observations. Rouillard et al. [2009,
2011] confirmed the two source regions by tracing several SFRs back with remote sensing observations.
Even though the imaging observations provide direct evidence, the accuracy of this method depends on
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the Parker spiral propagation assumption and appropriate conditions (such as the SFRs should be entrained
by corotating interaction regions), and the uncertainty of tracing the “very small flux ropes” (with an observed
extent less than 0.05 AU) back to the Sun could be large [Rouillard et al., 2010, 2011; Janvier et al., 2014b]. In
contrast, the heavy ion compositional measurements, such as the charge states and elemental abundance
ratios, can link the in situ SFRs to their solar origins with high confidences [e.g., von Steiger et al., 2000;
Zhao et al., 2009, 2014]. The heavy ion composition in the solar wind could provide information on the con-
ditions at the origin and on the processes that act between there and the observing site [e.g., Feldman et al.,
1981; von Steiger et al., 2000; Zhao et al., 2009, 2014; Song et al., 2016]. The charge states can be used as
proxies for the coronal electron temperature (freezing-in temperature) because the ionization and recombi-
nation processes are frozen in below a certain height (1.5-3.5 solar radii) where the electron temperature is
too low [Hundhausen, 1972; Balogh et al., 2007]. The elemental abundance ratios associated with the first ioni-
zation potential (FIP) effect, which suggests the relative abundance ratio of low FIP elements (such as Fe) over
high FIP elements (such as O), are enhanced in slow solar wind and MCs compared with fast solar wind [Geiss,
1982; Fisk et al., 1999; Wimmer-schweingruber and Hassler, 2016]. In addition, the alpha particle-to-proton den-
sity ratio (N,/Np) is usually enhanced in MCs [Lepri and Zurbuchen, 2004; Richardson and Cane, 2004; Feng and
Wang, 2015] but is depleted in the vicinity of the heliospheric current sheet (HCS), which is defined by the
reversal of magnetic field polarity [e.g., Gosling et al., 1981; Crooker et al., 2004; Li, 2008; Liu et al., 2014].
The depletions imply an origin from the closed field regions of the streamer belt [Suess et al., 2009]. Feng
and Wang [2015] have studied the compositional signatures of several SFRs and found some of them had
enhanced N,/N, (>0.06), higher iron average charge states (Q<Fe> > 12), and higher oxygen charge state
ratio (O”*/0%" > 1) than ambient solar wind, which are similar to those of MCs, implying that a number of
SFRs have similar source regions as MCs. However, SFRs with different compositional signatures require
further study.

The rolling back magnetic field lines, or “false polarity magnetic field lines” [e.g., Kahler et al., 1996], are char-
acterized by a separation between HCS and true sector boundary (TSB), which is defined by the inversion of
the pitch angle distributions (PADs) of suprathermal electrons [e.g., Foullon et al., 2009; Liu et al., 2014]. Ideally,
the HCS stays together with the TSB, but sometimes they are mismatched, implying most of the suprathermal
electrons between them stream back to the Sun. Although some scientists explain the separation with mag-
netic islands [Khabarova et al., 2015, 2016], it is generally accepted that the mismatch is caused by rolling
back magnetic field lines [e.g., Kahler et al., 1996; Crooker et al., 2004; Foullon et al., 2009]. Several studies also
find that the rolling back magnetic field lines are closely related to interchange reconnection processes,
which could occur at the streamer belt [Wang et al., 2000; Crooker et al., 2004], at pseudostreamers [Owens
et al., 2013], or between them [Huang et al., 2016a, 2016b].

SFRs have been investigated during the last two decades. However, there are still many open questions.
Kilpua et al. [2009] raised the question whether the SFRs that originate in the vicinity of the streamer belt
could be released by reconnection at the streamer cusps and whether there exist SFRs related to false pola-
rities which are expected in interchange reconnection debris. Rouillard et al. [2011] presented observations of
such a case by tracing an erupting material continuously to 1 AU for the first time. However, this transient had
no smooth magnetic field rotation, which they suggested to be associated with local kinks in the magnetic
field lines. Nevertheless, the origin of such SFRs is still a puzzle.

In this work, we present a multispacecraft study of a SFR that is observed in the region where the magnetic
field lines are rolling back. The compositional data are used to diagnose its origin, and the three-dimensional
configuration of the SFR is also determined based on multispacecraft observations. We also develop a
schematic model to explain its origin, and the implications to the origins of SFRs and slow solar wind
are discussed.

In this paper, the data we used and multispacecraft observations of the case are presented in section 2.
Discussion and conclusion are given in sections 3 and 4, respectively.

2. Data and Observations

In this study, STEREO and ACE data are used. The In-Situ Measurements of Particles and Coronal Mass Ejection
Transients (IMPACT) suite [Luhmann et al., 2008] and the Plasma and Suprathermal lon Composition (PLASTIC)
experiment [Galvin et al., 2008] provide the in situ data from STEREO. The Magnetic Field Experiment (MAG)
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Figure 1. STEREO A (STA) observations on 26 April 2007. From top to bottom, the panels show the magnetic field compo-
nents in RTN coordinates, the pitch angle distributions (PADs) of suprathermal electrons at an energy of 246.5 eV, the
normalized PADs, the azimuthal angle of the magnetic field, the proton specific entropy, plasma beta, proton density, bulk
speed, proton temperature, and alpha particles to proton density ratio (N,/Np). The red line in the ninth panel represents
the expected temperature (for details see the text). The vertical dashed and solid lines denote the heliospheric current
sheet (HCS) and the true sector boundary (TSB), respectively. The shaded region indicates the small flux rope (SFR).

[Acuria et al., 2008] and the Solar Wind Electron Analyzer [Sauvaud et al., 2008] of the IMPACT package
measure the magnetic field and suprathermal electrons, respectively, and the PLASTIC experiment
provides the plasma data. The STEREO data have a time resolution of 1 min. The ACE data are provided by
three instruments. The Solar Wind Electron, Proton, and Alpha Monitor [McComas et al., 1998] measures
the in situ solar wind plasma and suprathermal electrons, the Magnetic Field Experiment (MAG) [Smith
et al., 1998] detects the magnetic field, and the Solar Wind lon Composition Spectrometer [Gloeckler et al.,
1998] provides the solar wind composition measurements. The plasma data have a 64 s time resolution,
the magnetic field data are obtained from 16 s data, and the compositional parameters are hourly averages.

2.1. STEREO A Observations

Figure 1 shows this special case observed by STEREO A (STA) on 26 April 2007. From top to bottom, the panels
present the magnetic field components in RTN coordinates, the PADs of suprathermal electrons at an energy
of 246.5 eV, the normalized PADs, the magnetic field azimuthal angle ¢z, the proton specific entropy
S= Tp/Np2/3, plasma beta fig, proton density, bulk speed, proton temperature, and N,/N,. The PAD is normal-
ized in Figure 1 (second panel) by the mean value of all pitch angles at the same time. This method signifi-
cantly improves the visualization of the PAD signatures without changing the data itself [Huang et al.,
2016al. The vertical dashed line represents the HCS crossing at 13:58 UT, when ¢3 flips from about 300° to
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Figure 2. The Lundquist flux rope fitting results of the SFR observed by STA. The black lines represent the observed
magnetic field components between 15:20 UT and 18:41 UT in RTN coordinates, and the red lines in each panel show
the fitting results.

about 100°. A heliospheric plasma sheet (HPS), which is defined as a high fg region [Winterhalter et al., 1994],
is also present following the HCS. The vertical solid line shows the TSB at 19:46 UT, when the PADs change
from predominately 0° to 180°. The HCS is separated from the TSB by about 6 h, suggesting a group of rolling
back magnetic field lines as introduced above.

The shaded region between 15:20 UT and 18:41 UT, characterized by a significant decrease of the entropy,
marks the SFR lasting for less than 4 h. A smooth rotation of magnetic field components is evident in
Figure 1 (first panel), and ¢ also evolves smoothly. Some studies found that some Alfvén wave trains might
show observational magnetic field properties similar to SFRs [Cartwright and Moldwin, 2008; Tian et al., 2010].
We exclude such a possibility for this SFR, using the method described by Tian et al. [2010], by correlating the
RTN components of the Alfvén velocity fluctuations with the proton velocity perturbations. Because the cor-
relation coefficients of their RTN components are only (0.004, —0.106, —0.369), they do not show the signa-
ture of Alfvénic fluctuations. Figure 2 presents the Lundquist flux rope fitting results for the magnetic field
components during this time period. The black lines represent the observations of the magnetic field com-
ponents, with total magnetic field strength and the three components in RTN coordinates shown from top
to bottom plots, and the red lines denote the Lundquist fitting results. Obviously, the magnetic field compo-
nents rotate smoothly and are fitted well by the modeled fields. The fit parameters give the SFR a radius (Ry)
of 0.013 AU, and its axial direction is (¢ = 319.2°, § = —35.3°), where ¢ and 6 are the longitude and latitude in
the RTN coordinates. The fit suggests that STA crosses close to the axis of the SFR, with zy/Ry being 0.20,
where z, is the distance of closest approach to the axis. In addition, the SFR is a right-handed flux rope
and the estimated field strength at the axis is 7.46 nT.

Figure 1 shows several characteristics of this SFR: low g, slow speed of about 440 km s~',and enhanced den-
sity. Furthermore, the spatial extent of this SFR is about 0.035 AU as calculated with the observation time and
solar wind speed, so it is indeed a very small flux rope [Rouillard et al., 2011]. The red line in the temperature
panel represents the expected temperature (T,) as calculated from the bulk speed with the formula,
Tex = (0.027 x V,, — 3.7)? x 1000, which is derived from the Wind data during 2007 to 2009 by Yu et al.
[2014]. Inside the SFR, T,/Tex has a mean value of 0.58; i.e,, T, is smaller than T, but not as significantly
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that its source region should be
the closed field region of the
streamer belt [Suess et al., 2009].
Moreover, between the HCS and
the SFR there is a HPS. The similar
characteristics of the SFR and HPS
imply that they have similar ori-
gins. The time period between the
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not show a specific structure. The
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the signatures of the SFR to ambi-
ent slow solar wind values.
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state distribution as shown in

Figure 3. The iron charge states observed by STA/PLASTIC on 26 April 2007. Figure 3 also reveals that the SFR
The first panel shows the average (solid line) and peak (dashed line) charge and the HPS have a similar origin.

states of iron. The second panel shows the fractional distribution of iron
charge states. The vertical lines and shaded region have the same meanings
as those in Figure 1.

The iron charge states are mea-
sured by PLASTIC onboard STA,
and the time resolution is 1 h.
Figure 3 (top) shows the average
and peak charge states of iron,
and the fractional distribution of iron charge states is presented in Figure 3 (bottom). The vertical lines and
shaded region mark the same structures as in Figure 1. The iron charge distribution and Q<Fe> show that
iron charge states are enhanced during the interval of rolling back magnetic field lines. The value of
Q<Fe> increases to nearly the same level of about 11.0 in both HPS and SFR, in support of the identification
of the two independent structures, and furthermore suggesting a similar source region of the HPS and SFR.

2.2. ACE Observations

Both ACE and Wind spacecraft in orbit around the L1 Lagrange point with heliocentric inertial (HCI) longitude
and latitude separations from STA by only about (3.8°, 0.4°), and they observed similar structures. We present
ACE observations because it provides also compositional data, although Wind has higher time resolution
plasma data. Figure 4 shows the ACE observations on 26 April 2007, in the same format as Figure 1. Even
though the magnetic field components and ¢z indicate much more complicated magnetic field variations,
ACE observed a HPS with higher g and a SFR with lower S, similar to the observations of STA. These struc-
tures are consistent with two depletions as denoted by entropy, temperature, and even the higher time reso-
lution data of N,/N,,. The SFR was detected from 16:20 UT to 17:55 UT as marked by the shaded region. The
boundaries of the SFR were principally selected based on both the plasma data and the sharp changes of ¢3.
Note that we present values of ¢ less than 90° on top of Figure 4 (fourth panel). This shows that the azi-
muthal angle within the shaded region positively rotates continuously. In comparison, the SFR shows similar
N./N, and plasma characteristics as those observed by STA. But it has a much smaller spatial extent of only
about 0.016 AU, implying that ACE might cross the SFR far from its axis and/or the SFR has a smaller radius
at this position. Due to the short duration of the observations and the complicated magnetic field that could
be caused by the interaction with ambient solar wind, this SFR is not suitable for the Lundquist fitting.
Moreover, the TSB was evidently crossed at 18:21 UT as shown by the vertical solid line, but it is somewhat
difficult to identify the HCS due to the confusing variations of ¢g. We prefer to locate the HCS at 13:45 UT
as shown by the vertical dashed line for several reasons. On one hand, ¢ flips from about 320° to 140°,
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Figure 4. ACE observations on 26 April 2007, in the same format as Figure 1. The values of ¢g with less than 90° are shown
on the top of the fourth panel.

which is sharper than other flips. On the other hand, the HCS generally lies at the edges of the N,/N,
depletion zone [Suess et al, 2009]. Furthermore, the HCS leads the HPS here, which is similar to STA
observations, and it is also consistent with former studies that HPSs tend to retain their relative positions
with respect to HCSs at around 1 AU [Liu et al., 2014].

Figure 5 shows the compositional data of ACE between 08:00 UT and 22:00 UT on 26 April 2007. From top to
bottom, the panels show O”*/0°* ratio, carbon charge state ratio (C®*/C>*), average oxygen charge states
(Q<0>), average carbon charge states (Q<C>), Q<Fe>, and iron abundance ratios (Fe/O). Figure 5 (sixth
panel) is related to the FIP effect, and the other panels are related to the freezing-in temperature. The vertical
lines and shaded region mark the same structures as in Figure 4. In the top five panels, the ionization states
within both the SFR and HPS increase to a similar higher level than in the ambient solar wind, which is similar
to the Q<Fe> values observed by STA. Therefore, the compositional data of ACE also support the identifica-
tion of the structures and, again, suggest a similar origin of the HPS and SFR. Furthermore, the Fe/O ratio is
higher in the HPS than that in SFR, which implies that the SFR may emerge on a smaller loop at the origin
[von Steiger et al., 2000]. We note that the variation of Q<Fe> observed by ACE was somewhat different from
the variation of other ionization states observed by both ACE and STA. The variations of ionization states of
heavy ions are expected to be consistent to a certain extent. However, iron charge states may vary rapidly at
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Figure 5. The compositional measurements observed by ACE during 08:00 UT to 21:00 UT on 26 April 2007. From top to
bottom, the panels present O7+/06+, C6+/C5+, Q<0>, Q<C>, Q<Fe>, and Fe/O, which are described in the text. One
sigma error bars are added for each data point with red color. The vertical lines and shaded region have the same meanings
as those in Figure 4.

the source regions on different spatial scales [von Steiger et al., 2000]. Thus, the mismatch may be caused by
the nonuniform distributions of Q<Fe> within SFR. Nevertheless, the ionization states are similar in both HPS
and SFR, supporting our conclusion that they have similar origins.

2.3. STEREO B Observations

We also studied observations of STEREO B (STB), which is separated from ACE in HCl longitude and latitude by
about 1.7° and 0.4°, respectively. Figure 6 shows the STB observations on 26 April 2007, in the same format as
Figure 1. Apparently, STB observed structures different from STA and ACE. The vertical dashed line marks the
HCS at 17:50 UT, when ¢; flips from about 300° to 120°. The TSB was observed at 20:30 UT, as indicated by the
red vertical solid line. Between the black vertical line and the HCS is a HPS, characterized by a high fg region,
which started at 15:55 UT. Compared with observations by STA and ACE, STB observed quite different values
of entropy, temperature, and N,/N,. Neither the entropy nor the N,/N,, values show a decrease during this
time, and T, is even larger than T, as shown in the ninth panel. Besides, there is no magnetic field configura-
tions that show similar rotations as those defining the SFR observed by STA and ACE during this time. In addi-
tion, a radial magnetic field structure, which is defined by the radial component having more than 90% of the
total strength [e.g., Gosling and Skoug, 2002; Wang et al., 2003], was observed from 08:50 UT to 15:05 UT.
However, STA and ACE did not observe such a structure.

3. Discussion

3.1. Spatial Morphology of the SFR

The observations suggest both STA and ACE have encountered the SFR, but STB did not. The fitting results
and observation timing of the SFR indicate that STA may cross closer to the axis, while ACE probably crosses

near the boundary of the SFR. In the following we will discuss the spatial morphology of this SFR in
more detail.
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Figure 6. STEREO B observations on 26 April 2007, in the same format as Figure 1. The red vertical dashed and solid line
represent the HCS and TSB, respectively. Between the black vertical line and the HCS is a heliospheric plasma sheet (HPS).
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(Rg)). The blue dots indicate the spacecraft positions with their names following, and the right bottom presents their detailed positions in units of Rg.
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Figure 7a shows a simplified morphology of this SFR based on the observations and Lundquist fitting results.
Figure 7b denotes the spacecraft positions in the ecliptic plane, with the data obtained from SSCWeb (http://
sscweb.gsfc.nasa.gov) at 12:00 UT on 26 April 2007. The green plane represents the ecliptic plane, and the
magenta cylinder shows the SFR, with the black arrow and the helical lines with white arrow indicating the
orientation of the magnetic field. The propagation direction of the SFR is suggested by the magenta arrow,
which mainly points —x direction (GSE coordinate) and also —y direction as the solar wind affects. The inter-
section of the helical magnetic field with the ecliptic plane is marked by a black ellipse. The axis of the SFR is
tilted by about —35° as the fitting results of STA show, and the radius varies with spatial positions. The top left
insert shows the projected intersection of the SFR where the spacecraft pass through, with STA being close to
the axis but ACE/Wind being far from the axis. The crossing site of SFR may make the trajectory (dashed line)
of ACE/Wind not parallel to that of STA. The different sizes of the projected sections correspond to the pos-
sibly different radii of the SFR at different positions. This figure shows that the separation between ACE and
STA is mainly in the GSE x direction and y direction. The separation in the x direction together with the near-
simultaneous entry into the SFR of both spacecraft is explained by the fitted longitude of the SFR axis. The
fact that ACE crosses far away from axis and STA near axis is consistent with the latitude of the SFR axis
inferred from the fitting. Based on the positions of the spacecraft as shown in Figure 7b and the solar wind
speed [Opitz et al., 2009; Simunac et al., 2009], and assuming a quasi-stationary structure, we can estimate that
STA should lag ACE and STB by about 2.3 h and 1.9 h, respectively, if we take the TSB as reference. However,
the observations of the TSB show that STA lags ACE by about 1.5 h but leads STB by about 0.7 h. This result
further supports that STB observes other structures than STA and ACE.

3.2. Origins of the SFR

The origin of very small flux ropes are rarely identified with direct evidence due to their faint appearances in
the imaging observations, and they are also easily influenced by ambient solar wind [Rouillard et al., 2011;
Janvier et al., 2014a). Furthermore, there are still disputes on the release mechanism for the SFRs that origi-
nate from the streamer belt. Some studies suggest that these SFRs, or the so-called “plasma blobs” [e.g.,
Sheeley et al., 1997; Song et al., 2009], are released from the cusp of streamers by interchange reconnection
[Wang et al., 2000]. However, some simulation results suggest that they are pinched off by the intrinsic
instability driven magnetic reconnection processes [Chen et al., 2009]. The study of this special case may
provide some clues to these open questions.

The peculiar magnetic field configurations and compositional signatures provide some insight into the origin
of this SFR. First, STA observations indicate that the SFR is entrained by the rolling back magnetic field lines. In
general, the rolling back magnetic field lines are caused by interchange reconnection processes between
closed and open magnetic field lines [Crooker et al., 2004; Foullon et al., 2009; Owens et al., 2013]. Second,
the similar level of ionization states and N,/N,, of the SFR and HPS suggest a similar origin, i.e., the closed field
region of the streamer belt. Third, the unidirectional suprathermal electrons infer that this SFR is still rooted
with one foot at the Sun [e.g., Feng et al., 2015], which also implies that this SFR cannot be a detached plas-
moid [Foullon et al., 2011] that pinched off as described by Chen et al. [2009]. Furthermore, the suprathermal
electrons still flow antisunward, which is different from those in the rolling back magnetic field lines, implying
that this SFR may not have formed at the same time as the rolling back magnetic field lines.

Figure 8 is presented to illustrate a possible origin of this SFR, based on the above analysis and STA observa-
tions. In this figure, the yellow circles represent the Sun and the black arrows show the polarity of the mag-
netic field lines. Figure 8a shows the streamer belt. Figures 8b and 8c indicate the interchange reconnection
process, taking place between the closed loop and an adjacent, noncoplanar open magnetic field line [e.g.,
Wang et al., 2000; Crooker et al., 2004]. Then, the rolling back magnetic field lines form as shown by the red
arrows in Figure 8d, evidenced by the sunward streaming suprathermal electrons. The dashed lines indicate
that these magnetic field lines may not lie in the same plane. Figure 8e shows the SFR, which is illustrated by
the orange helical lines, released immediately after the formation of the rolling back magnetic field lines. This
can be inferred from the Fe/O observations, which imply that the SFR should be formed on a relatively smaller
loop than HPS. We propose that this SFR is also released through interchange reconnection with the same
processes as shown in Figures 8b and 8c. The difference is that these magnetic field lines are twisted, which
could be formed prior to or during its releasing process [e.g., Song et al., 2016, and references therein]. The
dash-dotted line indicates that the SFR is still magnetically connected to the Sun, but whether the leg is
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Figure 8. A schematic illustrating the origin of the SFR based on the STA observations. The details are presented in the text.

also twisted is still not known, even for large-scale MCs [e.g.,, Owens, 2016; Wang et al., 2016]. Figure 8f
indicates the topology at 1 AU: this SFR is entrained by the rolling back magnetic field lines and passes
over STA. The green lines represent the HCS and TSB observed by STA, and the dotted line represents the
trajectory of the spacecraft. This configuration fits well with the STA observations. Furthermore, it also
suggests that this SFR may not be formed within the HCS in the interplanetary medium. If it had been
formed through magnetic reconnection within the HCS, then the rolling back magnetic field lines in the
leading side that contain the HCS would disappear after the reconnection process or at least would not
show up in the leading side of the SFR. This also suggests that, at least, some SFRs in the vicinity of HCSs
may not be formed at the HCSs in the interplanetary space, which is different from the conclusion
suggested by Feng et al. [2015].

3.3. Implications and Other Concerns

The SFR entrained by rolling back magnetic field lines has important implications. In this special case, the SFR
and an adjacent HPS present similar N,/N, and compositional signatures, implying that this SFR originates
from the streamer belt, which is consistent with previous conclusion that mainly inferred from the peculiar
configurations of the rolling back magnetic field lines. Our results show that heavy ion composition can be
used as an effective tool to diagnose the source regions of very small flux ropes. This special case in our study
further indicates that the interchange reconnection may also be responsible for some SFR formation process.
However, there is no clear signal of magnetic reconnection processes in the Nancay Radioheliograph obser-
vations [Kerdraon and Delouis, 19971, which allow imaging of weak energy release at coronal heights
[Mandrini et al., 2014]. This could be caused by the weak eruption signatures of this SFR due to its very small
size. Therefore, more case studies in the future are necessary to link this kind of SFRs to interchange recon-
nection processes and find out whether some SFRs could be formed in the heliosphere medium.
Furthermore, STA observations suggest that the very small flux ropes could sustain their smooth magnetic
field rotations during the propagation to 1 AU, even if the rotations may be disturbed by local kinks in the
magnetic field lines [Rouillard et al., 2011] or by the interaction with ambient solar wind as ACE observations
show. Considering that this kind of SFRs or plasma blobs contribute significantly to the slow solar wind, we
suggest that at least some slow solar wind could have a similar origin mechanism.

The kind of SFRs as studied in this paper seems to have a low occurrence rate. We have searched for
them during 2007 to 2010 with STEREO data, but only this case shows good characteristics. There could
be several reasons for this. First, the rolling back magnetic field lines also have a low occurrence rate
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[Crooker et al., 2004]. Second, the plasma blobs, which are important sources of this kind SFRs, are released
with a rate of 3-5 per day in the solar minimum [Wang et al., 1998; Song et al., 2009]. Third, both the rolling
back magnetic field lines and the SFRs are sensitive to the interactions with ambient solar wind. It is difficult
to identify them with changing magnetic field configurations. Besides, the small extents and spatial
morphologies of the SFRs make them hard to be captured by spacecraft, as suggested by STB observations
in this case. Therefore, the low occurrence rate of the entrainment is reasonable.

4, Conclusion

In this study, we present a SFR, which has smooth magnetic field rotations, entrained by rolling back mag-
netic field lines around 1 AU. This SFR shows similar plasma signatures, N,/N, depletions, and ionization
states as the HPS, implying that they may have a similar origin. Combining the compositional signatures
and the peculiar magnetic field configurations, we suggest that this SFR should be released from the strea-
mer belt through interchange reconnection. Based on the multiple spacecraft observations, we found that
this type of SFR may be easily missed, due to its small size and spatial morphology. This SFR is classified as
a very small flux rope, which can be hardly traced back to their origins where the remote sensing observa-
tions are available to compare. However, we suppose that the compositional signature is an effective diag-
nostic to study the origins of such SFRs as well as the ones that could be traced back. Besides, although
this is a study of a special case, it may still help us modify some former views: interchange reconnection
may be responsible for the origin of some SFRs, and at least some SFRs in the vicinity of HCSs should not
be formed in the interplanetary medium. There are still open questions which need to be addressed, such
as the relationship between the SFR and the radial magnetic field structure, and the evolution of the SFR axis
during its propagation.
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