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ABSTRACT

The elemental composition of the Sun’s hot atmosphere, the corona, shows a distinctive pattern that is dif-
ferent than the underlying surface, or photosphere (Pottasch 1963)) Elements that are easy to ionize in the
chromosphere are enhanced in abundance in the corona compared to their photospheric values. A similar pat-
tern of behavior is often observed in the slow speed (< 500 km s~1) solar wind (Meyer 1985), and in solar-like
stellar coronae (Drake et al. 1997), while a reversed effect is seen in M-dwarfs (Licfke et al. 2008). Studies

of (iclifverseiciiectliavelbecliampercannitenpast because only unresolved (point source) spectroscopic data
were available for these stellar targets. SR SHETOMEERSCO OSSNSO ES
OSSP SIEOUNANENERHAGHES These very razc cvents all oceur during periods of

high solar activity that mimiciconditionssmorerwidespreadioniVi=dwarfs. The detections allow a new way of
connecting the slow wind to its solar source, and are broadly consistent with theoretical models of abundance

variations due to chromospheric fast mode waves with amplitudes of 8-10km s~!; sufficient to accelerate the

“olar il The results imply that M-dwarf winds are dominated by plasma depleted in easily fonized elements,

1. INTRODUCTION

The enhancement of low first ionization potential (FIP;
less than ~10 eV) elements by factors of 2—4 in the solar
corona has become known as the FIP effect (Feldman 1992).
A combination of remote sensing (spectroscopic) measure-
ments of abundances in the solar atmosphere, and in-situ
(particle counting) measurements in the solar wind, has led to
a vast literature describing elemental composition in different
solar structures (Feldman & Laming 2000), their temporal
behavior in different features and dynamic events (Sheeley
1995; Widing 1997; Warren et al. 2016), their use as tracers
of a connection to the solar wind (Brooks & Warren 2011;
Brooks et al. 2015), or solar energetic particles (Brooks &
Yardley 2021), and the development of theoretical models
of abundance anomalies (Laming 2004). These studies are
complemented by measurements in the range of conditions
observed in the coronae of low activity solar-like stars.

An inverse FIP (IFIP) effect was detected as a depletion
of Fe in the coronae of active stars compared to their photo-
spheres in observations made by the Advanced Satellite for
Cosmology and Astrophysics (ASCA) and the Extreme Ul-
traViolet Explorer (EUVE); see Antunes et al. (1994); Stern
et al. (1995); Rucinski et al. (1995); Schmitt et al. (1996),
and further references in the review by Drake (2002). For
discussion of more recent observations of the IFIP effect see

also Wood & Linsky (2010) and Testa et al. (2015). Fur-
thermore, the IFIP effect was recently shown to be present
also on stars with higher surface temperatures, if they have
evolved off the main sequence and have some indicators of
magnetic activity e.g. a high rotation rate, or X-ray lumi-
nosity (Seli et al. 2021). But studies of the IFIP effect are
relatively less developed, because until recently it had only
been observed on unresolved stellar targets. In 2015, how-
ever, the IFIP effect was discovered on the Sun (Doschek
et al. 2015), associated with sunspots during solar flares, al-
lowing the first detailed studies of the process at high spatial
and temporal resolution. One possibility is that the IFIP ef-
fect observed in M-dwarfs is due to enhanced levels of flar-
ing activity. The effect is present in their coronae all the time,
however, even when they are not flaring, or at least not pro-
ducing large flares. Furthermore, observations of elemen-
tal abundance changes during flares on several stars which
have IFIP composition or metal depleted coronae, show that
the plasma composition evolves towards photospheric dur-
ing the event (Stern et al. 1992; Mewe et al. 1997; Giidel
et al. 1999; Liefke et al. 2010). This is consistent with the
new solar observations, which suggest that IFIP composition
plasma is present in cases where, in the presence of emerg-
ing flux, magnetically complex sunspots collide, and the flare
only acts to reveal (not cause) it by producing high temper-
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Figure 1. ACE/SWICS measurements of Fe/O normalized to their
photospheric ratio. The data were obtained between 1998 February
and 2011 August. The red solid line indicates the level we have
defined for IFIP detection. Whether the measurements fall below
this level depends on the assumed photospheric Fe/O abundance
and these vary in the literature, so for reference we also show the
threshold that would need to be reached if a more extreme lower
value is chosen (see section 2).

atures (Baker et al. 2020). Highly magnetically complex re-
gions are more likely to exist, and dominate the emission, on
the more active solar-like stars.

The number of IFIP events so far detected remotely on the
Sun is small, and they are all associated with solar flares
(Doschek & Warren 2016; Katsuda et al. 2020). Flares are
relatively rare in the sense that they are often short duration
and occur infrequently. Unlike sampling the constant flow of
solar wind, therefore, it would be challenging to observe any
signatures of IFIP events in-situ. It is not established, how-
ever, that flares are the only source of IFIP composition. We
conjectured, therefore, that if the plasma can escape into the
heliosphere and form part of the solar wind (an unknown), it
might be possible to detect it in-situ if an appropriate instru-
ment fortuitously crosses the appropriate solar wind stream
at the right time. It has been pointed out (Peter 2018) that a
lack of IFIP detection in the solar wind casts some doubt on
the reality of the solar IFIP effect, so we felt it worthwhile to
pursue. Our best chance would be at a time when potentially
more [FIP composition plasma is being produced, and based
on the initial solar observations, this would be most likely at
times of extreme magnetic complexity, and high activity.

Here we report observations of three IFIP events in-situ in
the solar wind by the Solar Wind Ion Composition Spectrom-
eter (SWICS, Gloeckler et al. 1998) on the ACE Observatory
(Stone et al. 1998).

2. DATA AND METHOD

The ACE observations we analyze are SWICS 1.1 level 2
version 4.09 and SWICS 2.0 level 3 version 1.1 data (Shearer
et al. 2014), and MAG (Magnetometer) level 2 data that we
downloaded from the ACE Science Center at Caltech. We
felt that examining a low/high-FIP element ratio that shows a
large variation in the solar wind would give us the best chance
of detecting IFIP events. We therefore focused on the Fe/O
ratio since Fe and O have a large separation in FIP. We nor-
malized the SWICS data to the photospheric Fe/O abundance
ratio of Asplund et al. (2009) (Fe = 7.50; O = 8.69; Fe/O =
0.0646). The mean error for the absolute Fe/O abundance
ratios in the dataset is less than 2%. These are the statisti-
cal uncertainties due to limited count statistics provided by
the SWICS team. They do not include any source of system-
atic error. Such errors can arise from several sources. For
example, misidentification of ions, uncertainties in the geo-
metric sensitivity of the instrument etc. von Steiger & Zur-
buchen (2011) made an assessment of these error sources and
argued that the impact on relative abundance measurements,
like Fe/O, is not too large (less than 10% for the largest fac-
tor: detector efficiency — see their Table A1). When search-
ing the database, we identified IFIP events if the normalized
abundance ratio was 30% lower than the photospheric abun-
dance ratio. Compared to the estimates of statistical and sys-
tematic uncertainties a 30% decrease is significant. We chose
this relatively large threshold for detection in order to find the
most significant events, and also to compensate for the fact
that there is a spread in photospheric Fe/O abundance ratios
in the recent literature from 0.0575 — 0.0646 (Asplund et al.
2009; Caffau et al. 2011; Scott et al. 2015). Under these con-
ditions, the IFIP events are detected regardless of which of
these sources is used for the photospheric abundances; larger
variations are seen in earlier datasets (see discussion below),
but we restrict ourselves to these recent compilations.

We first searched the SWICS daily database between 1998,
February 4, and the hardware problem on 2011, August 23.
We show a histogram of all the values during this time-period
in Figure 1. The histogram peaks at a normalized Fe/O pho-
tospheric value of 2.1 and the standard deviation is 0.7 —
assuming a normal distribution. Our IFIP event detection
threshold therefore roughly corresponds to a confidence level
of ~95% (i.e. 20). The distribution, however, is in fact right
hand skewed to higher values: implying that the standard de-
viation assuming a normal distribution is overestimated, so
the statistical significance of the detections will be underes-
timated. The initial search found anomalies on five separate
occasions in the daily database. As can be seen in Figure 1,
these are very rare events. It is worth noting that even pho-
tospheric Fe/O ratios are rare in this dataset. Since we define
an IFIP detection as 30% below photospheric Fe/O values,
it makes sense to define photospheric Fe/O ratios as 1£0.3.
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Figure 2. IFIP events detected in the solar wind by ACE/SWICS. Fe/O abundance ratios measured by SWICS in-situ in the solar wind
normalized to their photospheric abundance ratio. Measurement uncertainties are shown by the error bars. The red solid and dashed lines
correspond to the same levels as shown in Figure 1. We removed all data flagged as poor/marginal quality or missing due to numerical errors,

low statistics, or anomalous operations.

Analyzing the skewed distribution, we find that <10% of the
values are photospheric events. When IFIP events were de-
tected, we then downloaded the more detailed 2-hourly data,
but we were only able to confirm the presence of three events
in the 2-hourly data. We also examined the SWICS 2-hourly
data post-2011, but found no anomalies in that time-period.
In all the cases that were detected the data quality is poor at
some stage during or after the event, so the exact durations
are difficult to determine. In several cases the measurements
are flagged as having data missing from the velocity distri-
bution functions (VDF). In some cases the VDFs are com-
pletely empty, whereas in other cases the data are flagged
as being marginally valid. We excluded all data that were
not flagged as clean. In SWICS data larger uncertainties can
also occur due to low count rates, which suggests a deple-
tion of the low-FIP element Fe. Whether low-FIP elements
are depleted or high-FIP elements are enhanced during the
IFIP effect is another topic of interest. The ponderomotive
force model due to Laming (2004) suggests the FIP and IFIP
effects act solely on low-FIP elements, and there is some evi-
dence in support of this from observations by the EUV Imag-
ing Spectrometer on the Hinode satellite (Brooks 2018). The
SWICS measurements we report here are in agreement with
that scenario. If the high-FIP element O were enhanced, we
would be less likely to encounter difficulties due to low count
rates.

There were multiple numbered active regions on disk dur-
ing the IFIP events; including several extremely large ones.
For each IFIP event we also discuss the potential source
region and its coronal magnetic field topology using data
obtained by the Michelson Doppler Imager (MDI, Scher-
rer et al. 1995) on the Solar and Heliospheric Observatory
(SOHO, Domingo et al. 1995). We used full disk observa-
tions of the longitudinal (line-of-sight) magnetic field in the

solar photosphere. The data were downloaded from the Joint
Science Operations Center (JSOC) at Stanford via the Virtual
Solar Observatory gateway and have been calibrated with
the best available methods. To examine the coronal mag-
netic field topology we used potential field source surface
(PFSS) models (Schatten et al. 1969). For each time-period
of interest we generated PFSS extrapolations using the pack-
age available in SolarSoftware (Schrijver & De Rosa 2003).
This package accesses a database of potential field models
constructed from the MDI photospheric magnetic field data.
Field lines are traced out from the solar surface with those
reaching the source surface designated as open.

3. RESULTS AND DISCUSSION

The three events we describe occurred in September 2002,
October 2003, and November 2006. We show the Fe/O abun-
dance ratios, normalized to their photospheric ratios, in Fig-
ure 2, and full disk images of the longitudinal magnetic field
at the back-mapped time of these detections in Figure 3 along
with potential field extrapolations indicating the locations of
open magnetic field at the times of the likely departure of
the ACE measured speed back-mapped solar wind. The fig-
ure highlights the three potential active region sources of the
events we detected (AR 10119, 10484, and 10923), and we
highlight the extrapolated open field lines connected to these
regions.

The clearest and most significant event we found occurred
on October 26-27, 2003. This was during the famous Hal-
loween storms, when numerous major flares (> M35 class)
occurred between 19 October and 20 November, including
four of the ten strongest X-class flares recorded this cen-
tury, and the most powerful (X45) flare of the space age;
although the source region of the most intense flares was
AR 10486 not AR 10484, which, however, also produced a
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19 Sep. 2002 at 11:11 UT
AR 10119

AR 10119

19 Sep. 2002 at 12:04 UT

23 Oct. 2003 at 23:59 UT
AR 10484

24 Oct. 2003 at 00:04 UT

14 Nov. 2006 at 06:27 UT
AR 10923

AR 10484 AR 10923

14 Nov. 2006 at 06:04 UT

Figure 3. Top panels: SOHO/MDI full solar disk magnetograms with accompanying photospheric continuum images (colored insets). We
show the longitudinal magnetic field in the solar photosphere at the times of the likely departure of the back-mapped solar wind of the events in
2002, 2003, and 2006; with the red circles indicating the likely source regions. These images highlight the complexity of the magnetic field on
the Sun during the IFIP events. White indicates positive polarity, and black indicates negative polarity. The images are scaled from -500G to
500G. Bottom panels: Open coronal magnetic field lines taken from the PESS model for each active region (AR 10119, 10484, and 10923). The
blue field lines indicate negative polarity and the pink field lines represent positive polarity magnetic field. The grayscale images are reduced
resolution MDI full disk observations of the longitudinal magnetic field in the solar photosphere with white showing positive polarity and black

showing negative polarity, scaled from -200 to 200 G.

few X-class and several M-class flares. The Fe/O ratio also
reached record highs during this period, so solar conditions
were at their most extreme in the days surrounding the time
of this event. The Fe/O ratio dropped below photospheric
levels from ~11 UT on the 26th and recovered to nominal
values some time after 11 UT on the 27th. The event was
therefore sustained for around 24 hours.

The September 2002 event was also potentially of long du-
ration but was less clear. The Fe/O ratio dropped below pho-
tospheric levels around 23 UT on the 22nd, but only reached
values significant enough for our detection (see section 2)
around 5UT on the 23rd. The data are highly uncertain or
missing between 17 UT on the 23rd and 19 UT on the 24th
before IFIP composition is detected again until ~1 UT on

the 25th and photospheric composition thereafter. It is un-
clear whether the two detections are part of the same event,
but they were also associated with high solar activity. Two
M-class flares occurred a few days before, and there were an
unusually large number of active regions (> 15) on disk at
the solar wind velocity back-mapped time (see Figure 3).
The November 2006 event was only detected for a short
duration. A normal FIP effect was observed in the solar wind
one day prior to the event, but the Fe/O ratio trended down-
ward over the preceding 24 hours and hit sub-photospheric
levels for 2-6 hours around 4 UT on the 18th. The data are
highly uncertain after that time, but if this is due to low
count rates for Fe then it is plausible that this event was also
long duration. Flaring activity was not significant during this
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Figure 4. Elemental abundance ratios compared to the ponderomo-
tive force model. Fe/O, Fe/Si, and Fe/Mg abundance ratios mea-
sured by SWICS in-situ in the solar wind during the October 2003
IFIP event and normalized to their photospheric abundance ratios.
We compare the measurements to theoretical values predicted from
the ponderomotive force model of IFIP due to Laming (2015). We
show the theoretical predictions for two different values of the fast
mode wave amplitude in the models. Measurement uncertainties are
shown by the error bars.

event, but, at the back-mapped time there was an active re-
gion with a very large leading spot in the middle of the solar
disk (see Figure 3). The average magnitude of the IFIP effect
is about a factor of 2 in these three examples.

There may be other ways that similar events could be de-
tected in the solar wind. We searched the literature for older
observations and found some interesting historical evidence
in support of these detections from SOHO/CELIAS. Aellig
et al. (1999) studied the Fe/O abundance ratio over an eighty
day period near solar minimum in 1996, ~1 June 1996—
19 Aug 1996, and show distributions of values for differ-
ent wind speeds extending down to photospheric abundances
(~1.4 in their Figure 3; which shows log Fe/O ratios). At
the time of their calculations, however, the accepted photo-
spheric Fe/O abundance ratio dated back to 1989 (Anders
& Grevesse 1989), and is a factor of 1.8 lower than recent
estimates from the same group (Asplund et al. 2009). This
means that the tail of the distribution of Fe/O ratios for the
slow wind (<360km s—!) in the CELIAS data, for example,
is showing an IFIP effect of a factor of 2, albeit that this part
of the distribution also represents rare cases.

One potentially very important consequence of the detec-
tion of these events in the solar wind is that they allow new
examination of the properties of MHD waves, that can heat
and accelerate the solar wind, using other in-situ measure-
ments. In Figure 4 we make an initial comparison of the

SWICS observations from October 2003 with the pondero-
motive force model of the IFIP effect (Laming 2015). In this
model, chromospheric acoustic waves propagating from be-
low mode convert to become fast-mode waves that then re-
flect downward. This leads to a downward directed pondero-
motive force that depletes the region of low-FIP elements.
We show the SWICS Fe/O, Fe/Si, and Fe/Mg abundance
ratios during this event, plotted against the predicted ratios
from the IFIP effect model. The predictions are made based
on different values of the fast mode wave amplitude at the
layer where magnetic and plasma pressure is approximately
equal. The observed results are broadly consistent with fast
mode wave amplitudes of 7.5-10km s~! for all three events.
These values are similar to the lower end of wave amplitudes
measured previously in the chromosphere and corona, but are
still strong enough to accelerate the solar wind if the energy
flux transmission coefficient is high enough (De Pontieu et al.
2007).

Using another in-situ measurement we also show that all
three IFIP events are detected in the slow solar wind. Figure
5 (top panel) shows the bulk solar wind speed in the time-
periods covering these detections. In all cases the wind speed
is below ~600km s~ ! in the days preceding the events, while
the plasma travelled to the L1 Lagrange point. The origin of
the slow solar wind is still under debate, and active regions
have been suggested as one possible source (Liewer et al.
2004). There is a difficulty, however, in using plasma com-
position measurements to definitively identify the sources.
This is because an enhanced slow wind composition may
be observed in multiple active regions on the solar disk at
the same time, and even in different features such as coronal
loops and outflows within the same active region (Brooks &
Warren 2011). The discovery of IFIP composition plasma in
the slow wind implies that specific magnetically complex ar-
eas that produce this within active regions can also be slow
solar wind sources. To be clear, solar observations have thus
far only detected IFIP composition plasma above sunspots in
complex flaring regions. Our observations indicate that com-
plex sunspots are a previously unrecognized source of the
slow solar wind.

Our ACE-measured solar wind speed back-mapped times,
however, all single out one respective active region as the
most likely source of the IFIP-composition slow solar wind.
All three active regions have open field lines, the magnetic
polarities of which match the polarities of the slow wind
where the IFIP composition was detected (as we show in
Figure 5 - middle panel). The figure shows the interplane-
tary magnetic field direction, B, in Geocentric Solar Eclip-
tic (GSE) coordinates, measured by ACE/MAG. The data are
plotted on a common time-scale as in the upper panel. For the
September 2002 event (sky blue dots), B, is always positive
i.e. directed sunward; which matches the negative polarity



6 BROOKS ET AL.

(opposite convention) of the open magnetic field observed in
the active region. For the October 2003 event, B,, is initially
negative, but has turned positive by the time the IFIP effect is
detected. The November 2006 measurements are more vari-
able, with B, spreading positive and negative values as the
FIP bias trends downward (November 17; day 1 in Figure 5),
but is again predominantly positive when the IFIP effect is
detected (November 18; day 2 in Figure 5).

Only one of the three active regions (AR 10484), how-
ever, is a highly complex emerging AR similar to those in
which IFIP composition was detected previously (Baker et al.
2020). The second potential source region is a medium-sized
AR (AR 10119), which was in its emergence phase when it
was linked to IFIP-composition solar wind. The third AR
(AR 10923) has its large decaying leading spot to make it
stand out. These two latter active regions broaden the class of
solar active regions which may produce IFIP coronal plasma
composition to cases that are less unusual, indicating that lo-
calised IFIP production in active regions may be more com-
mon than previously thought. Active regions with high mag-
netic flux density in their emergence phase may be good can-
didates for IFIP plasma production. Observing clear signals
of this in the slow solar wind would be an unlikely event,
however, since a number of conditions would have to be met.
For example, there must be open magnetic field in the vicin-
ity of the sunspot umbra where the usually highly localized
IFIP plasma is observed - or an alternative escape pathway.
Furthermore, the IFIP composition plasma may be localised
within the AR embedded in a coronal composition domi-
nated environment, so plasma mixing with surrounding coro-
nal composition material as the solar wind forms may dilute
the signature and mask most of these events before they reach
the observing spacecraft. Since these events are also of rela-
tively short duration (compared to the active region lifetime),
there is a reduced chance of it being at the footpoint of the
slow-wind stream that connects to the spacecraft; which is
itself a low probability event.

The rarity of the IFIP events of course implies that their
source is only a very minor contributor to the slow solar wind.
They are potentially very valuable, however, for remote-
sensing and in-situ connection modelling, precisely because
they are rare and localized to specific regions. The detec-
tions by SWICS suggest that future missions such as Solar
Orbiter may also observe IFIP events, and it may be easier to
link these to specific footpoints of the wind connecting to the
spacecraft because there may be only one location producing
IFIP composition plasma. Very detailed observations of the
source region will then become possible, allowing refinement
of the model predictions that are currently used.

The discovery of these events also confirms that IFIP com-
position plasma can escape into the heliosphere. Although
there is no theoretical reason to think otherwise, it is impor-
tant to stress that this was unknown before the detection, and
has implications for stellar observations. The fact that there
is no impediment to this plasma flowing into the solar wind
implies that solar-like stars with IFIP composition coronae,
such as M-dwarfs, have stellar winds that are also dominated
with IFIP composition plasma; very different from the Sun.
Furthermore, any gradual solar energetic particle (SEP)-like
events on these stars will also have an IFIP composition,
since the seed population comes from the corona, with im-
plications for exoplanet atmospheres.

All the previous spectroscopic results are necessarily de-
pendent on the quality of the underlying atomic physics. In
the case of the Sun, only a limited number of specific Ar
and Ca spectral lines have been used to detect the IFIP effect,
and the particular Ca line (Ca XIV 193.874 A) has shown un-
usual width behavior in solar observations (Brooks & Warren
2016). Modeling assumptions, such as ionization equilib-
rium, also introduce uncertainties. For the M-dwarfs, there
are generally no measurements of their photospheric abun-
dances (Laming 2015), so the IFIP effect is computed rel-
ative to solar photospheric abundances. This means that if
their photospheric elemental abundance distributions are dif-
ferent than that of the Sun, as their coronal and apparently
now wind compositions appear to be, then the IFIP effect
could be smaller or even non-existent. Our detection of the
inverse FIP effect by particle counting techniques in the so-
lar wind lends support to all the inverse FIP effect findings
by completely different spectroscopic methods.
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Figure 5.

Solar wind velocity, interplanetary magnetic field di-

rection, and Fe/O ratios during the IFIP events. Top panel: He++
velocity measured by SWICS in-situ around the time period of the
three IFIP events shown in Figure 2. Middle panel: B, measured by
ACE/MAG in-situ around the time period of the three IFIP events
shown in Figure 2. Bottom panel: The three IFIP events of Fig-
ure 2 plotted for ease of cross-reference. We show all the data on a
common time-scale that corresponds to the ranges of Figure 2
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