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Introduction
Radial and Temporal Evolution of SIRs & CIRs
Observations before PSP
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Stream Interaction and Co-rotating Interaction Regions
• Stream Interaction Regions (SIRs) form
where high speed streams overtake
slow streams.
• Characterized as:
Increase in flow speed
Increase in temperature and entropy from
slow to fast wind
Increase in density ahead of the interface
followed by lower density in the fast stream
Enhancement in B and pressure at the
stream interface

[Jian et al., 2006]
[Kataoka et al., 2006]
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• SIRs become co-rotating interactions
regions (CIRs) once their source
regions rotates once around the solar
rotation axis.
• Shocks can form along SIRs at or
beyond one au which can accelerate
particles
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Modeling SIR/CIR Radial Evolution

[Hundhausen, 1973]

Flow Speed

Density

Temperature

Shock does not develop until post 1
AU. The shape of the velocity
increase changes with distance.

The density from pile-up becomes
more pronounced with distance.

The temperature profile changes with
distance.

Modeling results indicate an evolution which needs to be investigated in situ.
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Previous studies of SIRs inside
of one au
• Using Helios 1 & 2, Richter and Luttrell (1986) conducted
a superposed epoch analysis of 16 well-defined SIRs
between 0.3 and 0.4 au and 31 SIRs between 0.9 and 1.0
AU.
• SIRs are observed to further develop between 0.3 and 1
au.
Richter and Luttrell (1986)

The density enhancement becomes more pronounced
The velocity shear steepens
The magnetic field enhancement at the interface becomes more
pronounced
The temperature transition becomes greater and steeper
The pressure enhancement at the stream interface becomes more
pronounced
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[Mason et al., 2009]

Temporal Evolution
• CIRs are also known to evolve between
subsequent observations at 1 au between
different solar rotations.
• This temporal evolution of CIRs is
manifested in both the bulk particle and
fields data as well as in the energetic
particles.
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Temporal Evolution - Connectivity
• Not all of the suprathermal ion
differences between observations
at 1 au are a result of temporal
evolution
• Closely made subsequent
observations can observe
variations due to where along the
shock the events are
magnetically connected to
• This further complicates
detangling spatial and temporal
evolution of SIRs and CIRs.

[Zhao et al., 2015]
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Solar Cycle Evolution

[Jian et al., 2011]

• In addition to temporal variations of a single
SIR or CIR, solar cycle variations have been
observed
• Statistical results suggest a solar cycle variation
in longevity of SIRs
• Bulk plasma parameter variations are seen to
be weakly dependent on solar cycle
See Jian et al. [2019] for variations over solar cycles
23 and 24
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Solar Cycle Evolution - Composition
• At 1 AU, CIR-associated suprathermal composition has been found to have a solar cycle
dependence [e.g., Mason et al., 2008; 2012; Allen et al., 2019]
• It is unclear is this is due to solar cycle variations in the seed particles, or if it is related to
changes in species dependent energization processes
250
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[Allen et al., 2019]
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Parker Solar Probe Observations of
Spatial-Temporal Variations
Using the HSO with PSP to understand SIR/CIR evolution
Observations during Orbit 1
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Parker Solar Probe Orbit 1 Context
[Allen et al., 2020]

• Using the first orbit of PSP, we found
conjunctions of high speed streams
observed by SWEAP with missions at 1
au (STEREO-A, Wind, and ACE).
• Grey regions denote transitions between
fast and slow streams studied in this
paper.
• Red regions denote CME-associated
intervals and were not discussed in this
paper.
• Blue traces show results from GONGADAPT-WSA-ENLIL (ADAPT realization 7)
Shaded regions show the min-to-max range of
results using realizations 0, 2, 7, and 9.

• Yellow traces show the results from
GONG-WSA-ENLIL
30 - 586 keV

• Prior to perihelion (Nov 5th) PSP is closer
in longitude to L1
• After perihelion PSP is closer in longitude
to STEREO-A.
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GONG-WSA-ENLIL Context
• Results from GONGWSA-ENLIL
• A high speed stream
was observed by:
L1 (ACE and Wind)
§ Nov 4
§ 0.99 au
PSP
§ Nov 15
§ 0.32 au
STEREO-A
§ Nov 22
§ 0.95 au
[Allen et al., 2020]
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SIR Observed at L1, PSP, and STEREO-A
One of these events stood out,
as it was observed by L1,
PSP, and STEREO-A as it corotated with the sun.
[Allen et al., 2020]
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ENLIL simulations
centered on each location
prior to fast stream arrival:
Same high speed stream
is observed at all three
observatories
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Comparing an SIR at Different Locations/Times
[Allen et al., 2020]

30 - 586 keV
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Expanding Comparisons to All PSP
Orbits
Using the HSO with PSP to understand SIR/CIR evolution
Extending the SIR/CIR event list through orbit 4
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SIR/CIR event list methodology
• Using similar criteria based on Jian et al. (2006; 2013) we look for events that match most
of the following criteria:
Velocity increase
Pressure peak at the interface
Compression of density ahead of interface
Peak in magnetic field magnitude during velocity increase
Temperature and entropy increase from slow to fast solar wind
Tangential flow deflection around the interface

• The events are given an ambiguous counter from 0 to 2
0: Clean event, no data gaps (example from previous slides)
1: Clean events, some data gaps before/after the velocity increase (currently no events in this category)
2: Missing some desired data/larger data gaps during velocity increase (example in upcoming slides)

• Any SIR/CIR observed at PSP is analyzed to see if it was also seen at STEREO-A and/or
ACE/Wind.
Future orbits will also be checked against Solar Orbiter

• This list with initial statistics will be submitted soon. The list will be housed on the PSP
Science Gateway, and updated with the public data releases.
PSP Theory & Modeling Telecon
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SIRs and CIRs in Orbits 1 through 4
WeNow
had just
we will
looked
lookat
atthis
thisevent
event

• SIRs and CIRs on list are marked by
vertical dashed lines.
List is still preliminary and subject to
refinement.

• Clean events without data gaps
(ambiguous marker = 0) are blue.

• Events with data gaps (ambiguous
marker = 2) are red.

• Several large velocity increases are
seen that are not on the list, usually
related to a CME.
• We will now focus on one of the
ambiguous events observed in orbit 3.
[Allen et al., in prep]
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Case Event from PSP and STEREO-A
of Radial Evolution
Using the HSO with PSP to understand SIR/CIR evolution
Radially-aligned observations
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CIR temporal evolution
• A CIR was observed repeatedly by STEREO-A and
Wind.
In order chronological order:
§ STA E1: 2019-07-30/19:33:30
§ STA E2: 2019-08-25/05:05:30
§ Wind E1: 2019-08-31/01:06:30
§ STA E3: 2019-09-21/10:55:30
o PSP was nearly radial during this observation
§ Wind E2: 2019-09-27/13:54:30
With each successive observation, the velocity increase becomes
steeper, the density pile-up becomes more pronounced, and the
increase in temperature and entropy (S) are observed to steepen.
The suprathermal ion enhancement at STEOREO-A is observed
to increase with each pass of STEREO-A.
Plot to the right shows all events being time shifted to match up
CIR interfaces (defined as peak pressure) and shown for the
2019-09-21 observation.
[Allen et al., in prep]
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ENLIL for Event
A high speed
stream was
observed when
PSP and
STEREO-A were
near-radially
aligned

[Allen et al., in prep]

May allow for a
study of the
radial evolution
of CIR with little
source or
temporal
variation.
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PSP and
Time-Shifted
STEREO-A
Observation

[Allen et al., in prep]

Time-shifting the
STEREO-A
observations back by
1.77 days lines up
the timing of the CIR
very well.
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PSP and Timeand SpatiallyShifted STEREOA Observations
•

[Allen et al., in prep]

Adjusting the timeshifted values for
radial distance:
•
•
•

n ∝ 1/r2
Br ∝ 1/r2
Bt ∝ 1/r

•

The structures match
very well!
• Density pile-up and
pressure enhancement
are seen to be more
pronounced at STA
• Similar to Helios
papers (Richter &
Luttrell, 1986).
PSP Theory & Modeling Telecon
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Intensity

1000

Date
2019 Sep
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1000

H ChanP
[keV/nuc]

From 2019-09-20/00:00 to
2019-09-20/12:00
§ Only STEREO-A SEPT
(time shifted) data is
available.
From 2019-09-20/14:00 to
2019-09-21/02:00
§ Both STEREO-A SEPT
(time shifted) and EPILo data is available.
§ EPI-Lo observed flux in
ChanT (ToF-only),
ChanP (H+), and
ChanC (for 4He).

He4 ChanC
[keV/nuc]

• We take two time slices to
look at the particle spectra.

Time Shifted
STA SEPT
[keV]

PSP EPI-Lo observations in more depth

PSP EPI-Lo vs. STEREO-A SEPT
• Spectra from the two intervals
are denoted by:

Spectra observed at Parker (0.5 au) and STEREO-A (1 au)

From 2019-09-20/14:00 to
2019-09-21/02:00
§ Shown by asterisks
From 2019-09-20/00:00 to
2019-09-20/12:00
§ Shown by triangles

Flux
[(cm s sr keV)-1]

SEPT
§ energies < 1000 keV/nuc
EPI-Lo – ChanP H+
§ energies < 600 keV/nuc

• The flux at STEREO-A is higher
• The spectral slopes at STEREOA and ChanP during the (*) time
period are remarkably similar.
• However, the STEREO-A
spectral slope is seen to have
evolved throughout the SIR.
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PSP and Timeand SpatiallyShifted STEREOA Observations
•

[Allen et al., in prep]

Adjusting the timeshifted values for
radial distance:
•
•
•

n ∝ 1/r2
Br ∝ 1/r2
Bt ∝ 1/r

•

The structures match
very well!
• Density pile-up and
pressure enhancement
are seen to be more
pronounced at STA
• Similar to Helios
papers (Richter &
Luttrell, 1986).
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Longitudinal width of energetic particle observations
• PSP observed suprathermal particles for 29.34° in Carrington longitude
• STEREO-A observed suprathermal particles for 20.21° in Carrington
longitude

1.0

0.5

• The extra 9.13° could be due to the effects of perpendicular diffusion or
magnetic connectivity to further out in the heliosphere

STEREO-A SEPT
Intigrated Flux
[cm2 s sr]-1

We are currently working on making this analysis more robust
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[Allen et al., in prep]
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Summary
• SIRs and CIRs are known to evolve radially and temporally, but distinguishing between spatial and temporal changes is
generally difficult to do with observations.
• The current HSO provides, for the first time, the ability to disentangle the spatial versus temporal variations of these
structures.
Comparing PSP to observations at 1 au can allow for investigations of the radial evolution of a single structure
Comparing observations at 1 au for different longitudes and times, along with conjunctions with PSP in the inner heliosphere, also enables investigations of
temporal variations
Comparing observations at PSP and Solar Orbiter will allow for studies of latitudinal variations of these structures

• To better facilitate future research into the evolution of SIRs and CIRs, we are compiling a list of PSP observations of
SIRs/CIRs, and conjunctions with 1 au measurements, for all orbits.
This list will be updated every orbit and accessible through the PSP Science Gateway

• Already, the first few orbits of PSP have provided interesting glimpses into SIR/CIR evolution and energetic particle
dynamics:
The SIR event during orbit 1 (2018 Nov 15) was observed at PSP, L1, and STEREO-A
§ Suprathermal particle measurements at PSP suggest local acceleration at the interface, followed by shock-accelerated populations from further out in
the heliosphere
§ However, for this event, the radial and temporal evolution of the structure is not easily differentiated
The CIR event during orbit 3 (2019 Sep 20) was observed when PSP was nearly radially aligned with STEREO-A
§ In this case, there is temporal evolution between subsequent observations at 1 au, but the CIR is remarkably similar between PSP at ~0.5 au and
STEREO-A at 1 au, allowing for us to further probe the radial variations.
§ The suprathermal spectral slopes at PSP and STEREO-A are seen to be quite similar, but the flux of suprathermal particles at PSP is lower than at
STEREO-A, suggesting some loss processes from scattering.
§ The suprathermal enhancement at PSP is observed over a larger longitudinal range than at STEREO-A.
o We are currently investigating this, but this could be due to perpendicular diffusion across field lines.
o This could also be a consequence of differences in magnetic connectivity of suprathermal populations measured at PSP
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1.0

Delving deeper into the lag time

0.5

• Ignoring the effects of longitude, the ballistic radial
lag time is only 1.69 days
Using a speed of 468 km/s (mid point of slow and fast wind).
There would be a discrepancy of 0.08 days if ignoring
differences in Longitude – close!

• STEREO-A is behind PSP in longitude
The CIR should have reached STEREO-A faster than a
simple radial ballistic lag time
Using 14.6 degrees/day co-rotation, and treating the CIR as a
rigid structure, the CIR should arrive at STA 0.39 days faster
than simple radial ballistic propagation.
§ Resulting in a predicted lag time of 1.3 days
o Including both the longitudinal difference and the
ballistic radial lag, there is a discrepancy of 0.47
days.

• Could this is an effect of latitudinal differences?
Not likely, the two spacecraft are only 0.26 degrees apart in
latitude.

Perhaps this is evidence of the CIR structure not
being a rigid interface.
PSP Theory & Modeling Telecon

[Allen et al., in prep]

0.0

PSP

-0.5

STA
-1.0
-1.0

-0.5

0.0

0.5

1.0

Solar wind radial velocity 468 km/s
Radial distance

0.45617082 au

Ballistic radial lag

1.69 days

Longitudinal difference

-5.7147005 degrees
(HGI)

Co-rotation speed

~14.7 degrees/day

Co-rotation lag

-0.39 days

Total lag time

1.30 days
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