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Observation Period
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• Period under study: CR 2067.0-2082.0 (Feb 21, 2008 - April 5, 2009)
• Solar minimum between solar cycles 23 and 24. Very low solar 

activity. 2008 and 2009 are the quietest years since 1913
• Few (<10) SEP events (minor)
• Optimal conditions for the study of SIR/CIR-associated energetic ions

http://www.swpc.noaa.gov/SolarCycle/
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Multi-point in-situ observations
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• Goal: comparison of STA and STB observations during the same CIR
– Correlation with remote-sensing observations of the corona 
– Focus on energetic ion increases 
– Identify causes of discrepancies (discern temporal / spatial variations) 

• Basic tools to compare in-situ observations from different s/c during 
co-rotating events:

– Ballistic back-mapping:

(e.g., Nolte et al., 1976; Schwenn and Marsch,1990; Posner et al., 1999, 2000; Neugebauer et al., 2004).
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– Time-shifting: 

(e.g., van Hollebeke et al., 1978; Richardson et al., 1998)
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Overview of Backmapped observations
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Importance of latitudinal separation
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Mention spurious anticorrelation at the end due to unrelated hss
The actual importance of the latitudinal separation for one particular time interval is affected by several factors such as the relative positions of the spacecraft with respect to the coronal hole boundaries or the shape of the coronal hole contours. For this reason, highly correlated structures can occasionally be found during periods of relatively large latitudinal separation, for instance in December 2007
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Importance of latitudinal separation
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• STA and STB Vsw measurements have been time-shifted to L1 and the correlation 
coefficient calculated using a running 27-day window (approach similar to Opitz et 
al, 2009). This allows the study of the correlation of solar wind structures observed 
by the two STEREO as the long. and lat. separations vary

• Tendency to better correlation when Δθ 0
• Slowly decreasing trend as the longitudinal separation increases. 
• Occasionally highly correlated structures are found during periods of relatively 

large latitudinal separation (e.g. Dec. 2007)
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Coronal hole changes
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Coronal hole changes
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• Coronal hole changes produce 
changes in the HSS observed in-situ 
(e.g. Broussard, 1978)

⇒ Changes in the shape or magnetic 
topology of coronal holes give rise to 
changes in the SIR structure at 1 AU

– This effect is easy to track in the 
long term (>1 CR), e.g. CR 2070

– But difficult to study in the short 
term (<1 CR) using multi-s/c data

• Example: CR 2072 (July 2008). 
Event associated with a near-
equatorial coronal hole extension 
with positive polarity 

Presenter
Presentation Notes
which produced a high-speed stream observed in-situ by the two STEREO and ACE. The six top panels show remote-sensing observations of the corona in the wavelength 171 \AA\ by STEREO/EUVI and SOHO/EIT. The coronal hole appears as a dark region extending between -10 and +10 degrees of heliographic latitude and $180\,^{\circ}$ to $210\,^{\circ}$ Carrington longitude. The spacecraft projections are shown by color asterisks. The three top images correspond to the time when STB, SOHO and STA crossed Carrington longitude $200\,^{\circ}$ (leading section of the hole, above the solar equator), while the three bottom images correspond to Carrington longitude 190 (trailing section of the hole, below the solar equator). The bottom panel shows backmapped observations of the solar wind speed. In this plot, the yellow and magenta lines mark the source longitudes $200\,^{\circ}$ and $190\,^{\circ}$, respectively. Despite of the uncertainty inherent to the backmapping technique and the potential deviations due to the super-radial expansion of the coronal holes above the source surface \citep[e.g.,][]{Bromage_2000}, this simple representation still provides a satisfactory link between interplanetary solar wind measurements and the source coronal structures. The coronal hole showed time variations which correlate with the in-situ observations: The slower speed measured by STA is due to the smaller area of the hole combined with the northern location of the spacecraft. ACE measured a slightly faster and broader stream than STB, due to the expansion of the two sections of the hole during the co-rotation time from STB to ACE. The event was accompanied by ions of several hundred keV, which showed much more prominent increase at STB than at STA (see bottom panel in Figure~\ref{fig_summary}).



Multipoint observation of CIRs (STEREO/SEPT)

Possible influence of interplanetary transients
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• Slow ICMEs or small scale transients are frequently found in the slow solar wind preceding high-speed streams at 
1 AU (e.g. Kilpua et al, 2009)

• Example 1: CIR event observed by STB on Dec 7-13, 2008 (CR 2077)

– No ICME signatures near the CIR for CR 2076 and 2078. 

– Two ICMEs during CR 2077. Higher density and magnetic field peaks. Enhanced 119-137 keV ion increase

– However, the HSS was faster and broader during CR 2077 unclear whether the ICME plays some role in 
the enhanced compression and particle acceleration. No multi-sc observation due to latitudinal separation.
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• Example 2: Sep 2008 Event

• Δθ = 3.8º both STEREO observed 
very similar structures for both, 
plasma and energetic ions

Possible influence of interplanetary transients

Presenter
Presentation Notes
magnetic field did not show a great intensification in association with the ICME. Nevertheless, the CIR-associated 119-137 keV ions were more intense at STB, particularly in the interval preceding the ICME and during the absolute intensity maximum. The particle maximum at STB occurred in coincidence with an in-situ reverse shock (first label `RS' in the left panel of the figure). A second reverse shock was observed by STB at the end of September 30, when the particle intensity had almost returned to pre-event levels. STA did not observe any shock signatures during the CIR event, for this reason the local particle spike associated to the first reverse shock observed by STB has no counterpart at STA.
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• Example 2: Sep 2008 Event

• Δθ = 3.8º both STEREO observed 
very similar structures for both, 
plasma and energetic ions

• STA: no ICME, no shocks

• STB: ICME in front of the high-speed 
stream (Sep 28 02:30-14:00 UT) . SI 
at 15:42 UT. Two RS

• STB observed enhanced 119-137 keV 
ions during the absolute intensity max, 
in coincidence with an in-situ reverse 
shock

Possible influence of interplanetary transients
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Presentation Notes
magnetic field did not show a great intensification in association with the ICME. Nevertheless, the CIR-associated 119-137 keV ions were more intense at STB, particularly in the interval preceding the ICME and during the absolute intensity maximum. The particle maximum at STB occurred in coincidence with an in-situ reverse shock (first label `RS' in the left panel of the figure). A second reverse shock was observed by STB at the end of September 30, when the particle intensity had almost returned to pre-event levels. STA did not observe any shock signatures during the CIR event, for this reason the local particle spike associated to the first reverse shock observed by STB has no counterpart at STA.
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A search for ICME effects on CIR ion increases
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The bottom three panels (2,4,6) present the same observations after a co-rotating time shift to L1 has been applied to the measurements by the two STEREO spacecraft. In order to simplify the comparison with remote-sensing observations and with the $>$4 MeV ion fluxes, the events are marked with asterisks at the bottom panel of Figure~\ref{fig_summary}. The recent compilation by \citet{kilpua_2009b_list} and the \citeauthor{level3list} compiled by UCLA-IGPP (see references) were used for the identification of the ICME intervals shown in the figures. The in-situ signatures for those events not included in these ICME lists are presented in \ref{appendix1}.
%--March 2008: 
Panels 1 and 2 in Figure~\ref{fig_icmecirs1} show a complex case of different ICMEs observed by different spacecraft before the same high-speed stream during CR 2067. STB observed ICME signatures on March 6, 2008 from 12:35 UT to 17:03 UT. Two days later, near-Earth observatories (Wind and ACE) observed another interval with ICME signatures. A careful inspection of the plasma parameters and magnetic field reveals that another ICME was also observed by STA. We refer the reader to \ref{appendix1} for a deeper analysis of the ICME intervals observed in-situ by Wind and STA, which are presented in Figure~\ref{fig_march2008detail}. For STB the magnetic field was more intense during the ICME than during the CIR, for STA the higher magnetic field intensity was observed during the CIR. Both spacecraft observed in-situ reverse shocks (RS in the figure), but STA measured a much higher 119-137 keV ion increase. The ratio of the maximum intensities measured by both spacecraft at the event maximum exceeds two orders of magnitude. At energies $>$4 MeV, LET measured a long-duration gradual increase which peaks several days after the CIR. This delayed increase, presumably due to a late connection to the distant CIR reverse shock, was present for both spacecraft (with the expected co-rotating delay), but in this case STB, located at 1.00 AU from the Sun measured higher intensities than STA, at 0.96 AU (see bottom panel in Figure~\ref{fig_summary}). 

%--Aug 2008: 
Panels 3 and 4 in Figure~\ref{fig_icmecirs1} correspond to a clear example of ICME-CIR interaction observed by STB during CR 2073 . During August 15, 12-22 UT, an ICME with distinct flux-rope signatures crossed the STB location. After the ICME passage the magnetic field magnitude reached a maximum due to the interaction with the high-speed stream originating from a coronal hole with positive polarity. This interaction was not present for STA, which, despite the prominent density peak, observed a much less intense CIR-associated 119-137 keV ion increase.  The latitudinal separation was 2.9 degrees and the time-shifted solar wind speed profiles are remarkably similar except for the delayed leading edge for STA. STB observed an in-situ forward shock (FS) at the front part of the CIR, not observed later by STA, but the particle increase started later, reaching maximum values when the spacecraft was inside the fast solar wind stream. These particles were absent during the ICME interval and increased abruptly after the stream interface, meaning that both structures act as barriers for the energetic ions. The LET instrument onboard both STEREO did not observe significant $>$4 MeV increases during this CIR event (see bottom panel in Figure~\ref{fig_summary}).

%--Oct 2008:
%"prototypical" case with fully developed CIR at STA. 
Panels 5 and 6 in Figure~\ref{fig_icmecirs1} show a CIR observed at the beginning of CR 2076, in connection with a negative polarity coronal hole. STB, located 1.07 AU from the Sun, observed only a broad and weak compression region during October 24-26. STA, located at a heliocentric distance of 0.97 AU observed a well defined CIR from October 31 to November 1. This CIR was fully developed, showing forward and reverse shocks, which generated significant 119-137 keV ion increases. In this case the ICME was embedded within the CIR structure, preceding the stream interface. The particles showed a deep local minimum during the ICME interval and reached the absolute maximum shortly before the reverse shock passage. Regardless of the higher radial distance, STB did not observe any in-situ shocks and the energetic ion increase was much smaller. The heliographic latitudinal separation between the two STEREO was more than 7 degrees, but the stream was clearly observed by both spacecraft and the backmapped solar wind speed profiles show reasonable agreement. It is also remarkable that at several MeV energies (Figure~\ref{fig_summary}), the situation is reversed and the proton fluxes observed by LET were higher at STB than at STA. 
%MOVED to discussion: This suggests that MeV protons come mainly from CIR-shocks located beyond the spacecraft, while at hundreds of keV energies, the particles are accelerated in the vicinity of the spacecraft (\textcolor{red}{should we leave this sentence for the discussion?}).
 

%--Nov 9 2008: 
Panels 1 and 2 in Figure~\ref{fig_icmecirs2} correspond to a CIR observed in early November 2008, during CR 2076. The event was related to a positive polarity coronal hole extending near the equator. STA and STB observed significant differences in the time-shifted solar wind profiles, probably due to the large latitudinal separation of 8.3 degrees. An ICME was observed by STA between Nov 7 02:00 UT and Nov 8 01:15 UT. The CIR started one day later. However, the density and the magnetic field showed more prominent enhancements for STA compared to STB. Moreover, 119-137 keV ion fluxes show a two order of magnitude increase after the CIR for STA while they stay almost at background levels for STB. The $>$4 MeV ions observed by LET (Figure~\ref{fig_summary}) remained at background levels for STA, while a small increase observed by STB on November 4 is an SEP event and unrelated to the CIR \citep[see][]{Wiedenbeck_2010}. No in-situ shocks were observed by any spacecraft. 
%(\textcolor{red}{can we suggest that te interaction takes place above/below the s/c (CIRs and CMEs are 3D)? we can refer here to the similar Feb 2008 event. The SEP must be marked in figure 1}).
%A similar case where the ICME-CIR interaction was accompanied by enhanced ion acceleration was observed by STB during Feb. 5-12, 2008 \citep{GomezHerrero_2009a}.}
%DELETED: started one day later and no interaction was observed at STA location%


%--Nov 29 2008: 
Panels 3 and 4 in Figure~\ref{fig_icmecirs2} correspond to a CIR observed in November 2008, at the beginning of CR 2077, associated with a negative polarity coronal hole. The time-shifted profiles reveal that the leading edge of the stream was significantly delayed at STA. This delay could be related to the 9.8 degrees latitudinal separation, but also to the presence of two ICMEs between November 28 07:45-18:25 UT and from November 28 21:49 UT to November 29 00:20 UT \citep{kilpua_2009b_list}. These ICME obstacles could account for the strong compression observed by STA during the CIR which is much more intense than for STB as a result of the interaction with the ICME. Both spacecraft observed forward shocks, which in the case of STA was located between both ICMEs. Both spacecraft measured large and broad increases of the 119-137 keV ion fluxes, which started already in the slow wind. The time-shifted profiles of these increases are in relatively good agreement for the rising and decay phase, but STA exceeded by nearly a factor 10 the maximum flux observed by STB. This maximum was reached after the stream interface, during the fast wind region. In contrast, the $>$4 MeV protons observed by LET show higher fluxes and a broader increase for STB compared to STA (see bottom panel in Figure~\ref{fig_summary}). The radial separation was 0.08 AU.

%Kilpua comments about the two/one icmes: I remember reading a paper/seeing a conference poster about fast forward shock shocks within magnetic clouds, but I could not locate the work (I think it was done by Lepping et al.).. In the paper Kilpua et al. 2009: Multispacecraft Observations of Magnetic Clouds and Their Solar Origins between 19 and 23 May 2007, Sol. Phys., 254, 325--344, 2009 we shortly discuss the shock that was observed inside the magnetic. So it is possible that there is a shock within an ICME, but I guess it is not very common. If I look Jian’s UCLA ICME list it includes only the latter ICME (11/28 2149 – 11/29 0020 UT), but the end time is about one hour earlier. Jian’s shock list has a shock on 11/28 16 44 UT that coincides with the end portion of the first ICME in the Kilpua et al. 2009 list (i.e. the shock of the following ICME is running into the first ICME). My interpretation is that the interval is an interaction region between two ICMEs and a CIR. There is at least one very good CME candidate 11/24 - 1/25 seen in STB to head towards STA.

%--March 2009: 
Panels 5 and 6 in Figure~\ref{fig_icmecirs2} show a CIR event observed in March 2009, at the beginning of CR 2081, associated with a negative polarity coronal hole. The apparent agreement observed by STB and STA during March 9-10 (panel 5) is related to a time-coincident but totally unrelated stream observed by STA at the same time. The CIR of interest was observed by STA six days later. The latitudinal separation between the two STEREO was only 0.8 degrees and the time-shifted profiles observed by both spacecraft showed a quite similar structure, but with a remarkable delay at the leading edge observed by STB. Just before the stream, STB observed an interval of  smooth magnetic field which we identified as an ICME (see green area in Figure~\ref{fig_march2009detail} in \ref{appendix1}). After this ICME, the density and the magnetic field reached a maximum during the compression region, which was significantly enhanced in comparison with STA. The 119-137 keV ion fluxes were also greatly enhanced for STB in comparison to STA. The maximum particle flux for STB was reached after the stream interface, in coincidence with the reverse shock, observed in-situ on March 10 14:47 UT, but not present later when the same CIR passed through the STA location. The STB maximum exceeded the STA maximum by more than two orders of magnitude. The LET instrument (Figure~\ref{fig_summary}) observed no significant ion increases in the few-MeV range for none of the spacecraft.
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A search for ICME effects on CIR ion increases
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Behavior at ~MeV energies
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• Few MeV ions 
remain most of 
the times 
unaffected 

• Higher flux 
normally at STB

• Connection to 
distant shock
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Conclusions

• Heliographic latitudinal separation is a common source of discrepancies in the CIR
structure observed by different spacecraft. This effect can be significant even for
separations of a few degrees but its importance varies from case to case depending on the
proximity to the latitudinal boundaries and also on the morphology of the coronal hole.

• Discrepancies can be still present excluding pure spatial effects (latitudinal effects, radial
gradients) ⇒ CIRs are not ideal stationary structures showing identical
characteristics at two spacecraft separated by co-rotation times of several days. The
sources of temporal variations can be found at the Sun (coronal hole evolution) or in the
interplanetary medium (interaction with transient structures in the slow wind).

• We presented several cases where the presence of an ICME in the vicinity or
embedded in the CIR for one spacecraft is accompanied by enhanced ~100 keV ion
acceleration.

– ICME passage coincides normally with particle decreases (closed magnetic topology)

– Stronger acceleration when higher B in the CIR compared to the ICME.

– Several MeV ions mostly unaffected, higher intensities normally at STB ⇒ MeV protons
come mainly from CIR-shocks located beyond 1 AU ⇒ importance of local phenomena
for the acceleration of ~100 keV ions during CIRs.

– Theoretical modeling approach for ICME+CIR regions would allow further progress.

12/12
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Coronal hole changes (GONG PFSS, July CH)
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Abstract

1/12

In the absence of solar activity, Co-rotating Interaction Regions (CIRs) are a prevailing
source of energetic ions observed near 1 AU. The twin STEREO spacecraft launched in
October 2006, together with other near-Earth spatial observatories, offer an excellent
platform for multi-point studies of CIRs. Since the spacecraft are located at different
longitudes, time-shifting and backmapping techniques are needed in order to compare
plasma and particle data measured by different spacecraft at different times but associated
with the same CIR. The analysis of CIR events during the extended quiet period between
February 21, 2008 and April 5, 2009 (Carrington rotations 2067 to 2082) provides evidence
that CIR-associated energetic ions frequently show significant differences, particularly at
sub-MeV energies. We found discrepancies in the structures observed by different
spacecraft which cannot always be attributed to the latitudinal separation between the
spacecraft or to changes in the coronal hole which generates the high-speed stream. We
present several cases where these differences are linked to the presence of Interplanetary
Coronal Mass Ejections (ICMEs) or small-scale interplanetary transients in the vicinity or
embedded within the CIR. Evidence of the possible role of ICME-CIR interactions as
sources of temporal variations in the CIR-associated ion increases are presented and
discussed.
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Outline
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Event
Dates (B)

Approx. 
Lat sep(°)

Approx.
Long sep (°)

s/c which observes 
ICMEs

March 6-10, 2008 <0.1 46 (3.1 days) A & B (different)

Aug 15, 2008 3.1 67 B

Sep 28, 2008 3.2 76 B

Oct 31, 2008 7.7 81 A

Nov 7, 2008 8.4 82 A

Nov 25-26, 2008 9.8 85 A

Dec 7-8, 2008 10.3 86 B

March 13, 2009 0.8 92 (6.4 days) B
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ICME signatures
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• March 2008
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ICME signatures
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• December 2008 and March 2009
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STEREO/SEPT (Solar Electron Proton Telescope)
Electron telescope 
35 - 425 keV

Proton telescope

Electron telescope
Proton telescope
75 keV - 6.5 MeV

1/12

Magnet
(Deflects e-)

Magnet

8 Telescopes per s/c:  2×North, 2×South,  2×Sun (along IMF),  2×Anti-Sun (along IMF) 

Silicon 
detectors

Foil (stops ions)

Silicon 
detectors

Foil
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Corotating Interaction Regions

• Coronal holes High speed solar wind streams Compression regions 
in the IP medium

• Radial evolution eventually forward-reverse shock pairs bounding a 
co-rotating interaction region (CIR) are formed (typically beyond 2 AU)

• CIR-associated shocks Particle acceleration (up to 10-20 Mev ions 
and hundreds of keV electrons)

• Stream Interface: sharp boundary separating fast and slow wind within a 
CIR, characteristic in-situ signatures (density drop, temperature rise, 
flow shear, compositional differences…)

IGPP Univ. of California Riverside

3/12
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Compression regions are formed in the interplanetary medium when high-speed tenuous solar wind streams originating from coronal holes overtake and compress the preceding slow and denser wind
These compression regions evolve with increasing radial distance and eventually forward-reverse shock pairs bounding a co-rotating interaction region (CIR) are formed
CIR-associated shocks are able to accelerate particles. Normally CIR-accelerated ions observed near 1 AU do not reach > 10-15 MeV/n
Within a CIR, the sharp boundary separating fast and slow wind is called stream interface, showing characteristic in-situ signatures (density drop, temperature rise, flow shear,…)
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STEREO Orbit

• Launched on Oct 25, 2006
• SEPT B and A switched-on on 

Nov. 13 and 14, 2006 
• Separation after lunar swingby 

S1 on Dec. 15, 2006
• SEPT-A doors opened on Dec. 

14, 2006
• SEPT-B doors opened on Jan. 

16, 2007
• Final orbit:

– Near ecliptic, following Earth 
(0.95-1.09 AU)

– Growing azimuthal separation 
22°/year

– Heliographic latitude from 
-7.3 to +7.3 degrees

2/12
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Co-rotation delay during CIR-associated particle increases

• Co-rotation time:

• Most of the time the sequence is 
B L1 A

• For the early phase of the orbit, 
the western s/c can be earlier 
than the eastern s/c

5/12

L1 A B

Sep 22, 2007
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Ballistic Backmapping

• The progressive delay A-B is consistent with the corotating nature of the 
events. Overall reconstruction is possible using Ballistic backmapping:
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