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Questions & Outline

We've gone from one solar wind L1 monitor to six.
Which science questions changed because of that and how?*

(1) What is the SW magnetic field across multiple scales? Can we reconstruct it?
and what can L1 fleet tell us about what eventually happens at Earth?

(2) If we take one IP shock, can we find its orientation from one spacecraft?
What about the whole fleet? What can this tell us about the shock?

(3) How coherent is a CME across ~100-200 Re? When two signals correlate
well, is it shared physics, a shared trend, or maybe even a coincidence?

But first some intro about L1 fleet!

*... a subjective and biased take from an in-situ data person studying mostly Earth

Savvas Raptis — L1 Constellation Science SHINE Workshop - Session 13 | 02 Jul 26



Community Reminder: in-situ Data & Shocks

Cluster observations at Earth’s bow shock
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Y GSE (Re)

L1 Constellation/Fleet/Swarm/Monitors

Six-spacecraft L1 era began practically a few months ago!

L1 Region + 120 Re
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* Important reminder: Intercalibration for plasma is difficult (impossible?), but magnetometers should be doable
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Multipoint Data Analysis

* |n 3D space, 4-points are needed to calculate vector gradients, divergence and curl,
planar boundary orientations and speed, etc.

» ldeal orientation of the 4-points is an orthocentric tetrahedron

= \With 6 observatories around L1, there are 15 different tetrahedral sets

» However, the quality factor (Q), the planarity (P), and the elongation (E) of the
tetrahedra must be considered
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"Analysis Methods for Multi-Spacecraft Data" (Paschmann & Daly, 1998 and 2008)
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The Geometry of the L1 Constellation

» Tetrahedral quality factor for IMAP, SOLAR-

1, ACE, Wind, DSCOVR, and Aditya-L1
between Sep-2025 and July-2026

» Due to orbital configuration around L1,
quality is typically not great

Question: Can we make up for some of this with o1/

sheer number of tetrahedra available?

The overall quality factor is defined as:

0=0, 0y

where Q, is the quality factor for the tetrahedron shape and Q; is the quality factor for the
spacecraft separation. Q, is defined as:

Qv = Va/vr

where V, is the actual volume of the tetrahedron at a given point in the orbit and V, is the
volume of a regular tetrahedron of side L, the average of the sides of the actual tetrahe-
dron.

The quality factor for the spacecraft separation is defined through a set of conditions:

IfL<L1, thenQ,=0, ifL2<L <L3, thenQ;,=1, and
if L>L4, then Q;=0

IfL1<L<L2 then Qy=(L—LD*(L+L1—2L2)%/(L2—L1)*
IfL3<L<L4, then Qs — (L —L4)*(L —2L3+ L4)?/(L2—L1)*

Fuselier+ [SSR 2016]:
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The L1 fleet samples a huge range of shapes

Klein+ [SSR, 2023]
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PRELIMINARY IMAP DATA

Solar wind Structure & Modeling

(1)

L

ﬁ

What is the SW magnetic field across multiple scales? Can
we reconstruct it? and what can L1 fleet tell us about what
eventually happens at Earth?

L=
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Probing the 3D Structure & Spatiotemporal Evolution of the Solar

e A single monitor gives only a 1-D cut, multiple points
can help us map structure in 3-D rather than along one
track.

* Question with 2 monitors: over what distance does the
solar wind stay the same? Now we can attempt:

“what is the structure, and how is it changing?”
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Magnetic Field Reconstruction
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hings evolve from L1 to Earth, sometimes significantly

Earth Magnetosphere + 100 Re L1 Region % 140 Re L1 + MMS Shock-Aligned Magnetic Field From Shock Crossing to +3 h
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12

IP Shocks Geometry and Orientation

(2)

If we take one IP shock, can we find its orientation from
one spacecraft? What about the whole fleet? What can this
tell us about the shock?

L

ﬁ

L=
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Collisionless Shocks Geometry

Typically, we care about many things:
Ma, 6Bn, Shock, beta, etc. etc.
Let’s focus just on, 6Bn

upstream downstream  upstream downstream
B
0 Bn~20°
05n ~
== ~
n
uniform B |
0 Bn~ 55°
_ — —_ —
V1 V2 V1 V2

shock front reforming shock front

Why we care? Totally different regimes, processes, and phenomena!

Shock properties change acceleration, rippling, transient processes, SEPs, Turbulence etc.:
Balogh & Treumann 2013, Burgess & Scholer 2015,
Trotta+2023, Jebaraj+2024, Kajdic+2024, Raptis+2026, Cuesta+2026 [L1;0ngoing],
Allen+2026 [L1;0ngoing] & many others

13 Savvas Raptis — L1 Constellation Science

Taken from Balogh & Treumann 2013
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How to Estimate the Orientation of the Shock

upstream downstream

ﬁ—:t (BdXBu)XAB - 10-:2?
(Ba xBy) xAB| = l=:
AV e
ﬁ::l:— H400-__“" W
|AV| :é: 200-—'U.;'
n i(ABxAV)xAB R s e e e
n= .
(ABxAV) xAB| -
. 20-
Abraham-Shrauner+1972, Schwartz, 1998 < 10 -
Now: with L1 Fleet we can do Multi-SC -
timing! _
See: Paschmann & Daly, 1998, 3,297
Vogt+2011, Toy-Edens+2025 B e
Atl] —m - Arl], m = g’ 302'1:50 302l1:55 3gglt2s(z)oer;%‘22'21:05 30 2I2:10 30 2I2:15
. m 1
n=-—, V=—
lm| |m|

Question to the room: when two methods disagree on 6Bn, is that because of physics?
Ripples? Other things at the shock? or because of our method?
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What if one method gives different answers per spacecraft?

L1 MC 65, KDE

Question: Is this real? e
Methodological? What orientation it
the actual shock has locally there? 0.05 e

== \Wind median 47 deg
=== DSCOVR median 59 deg

Can multi-spacecraft timing from
the L1 fleet help us answer this?

0.04 A

Distribution from
10-min upstream

upstream downstream u 0031
(a8
a)
0Bn ~ X~
A 0.02 -
uniform B
HBn ~ 550 0.01 A
ﬁ #
Vi Vs,
reforming shock front 0.00 ; = . .
0 20 40 60 80

Osn from nominal magnetic-coplanarity normal [deg]
NOTE: Here | used a fix window for upstream and downstream for MC, if | bootstrap this, the result varies even more! Can timing constrain this?
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IP Shock & CME Coherency

(3)

How coherent is a CME across ~100-200 Re? When two
signals correlate well, is it shared physics, a shared trend,
or can it even be a coincidence?

L

L=
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Are CMEs Coherent Structures?

Magnetic coherence inside MEs of 0.25-0.35 au for the
magnitude of the magnetic field, but 0.06—-0.12 for B

Lugaz+ [ApJL 2018]

wind (red & shifted) vs. ACE: (Ax, Ay, Az) = (225, 275, 35)Re

Op = 0.995
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components’” Al-Haddad & Lugaz [SSR 2025]
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Now, we can ask: How coherent is a CME across ~100-200 Re?
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Popularity of the first name
Kelsey

Babies born

The Random Walk Trap (#1 issue)

Let’'s do an exercise! Can unrelated timeseries be

correlated? A question from 100 years ago
JOURNAL Yyle+1926

Years 1975-2022, r=0.881, p<0.01

OF THE ROYAL STATISTICAL SOCIETY.

12K ., &

10K | - The solution to our JANUARY, 1926.

o | . funding issue:

6K 1 . oo : WHY DO WE SOMETIMES GET NONSENSE-CORRELATIONS BETWEEN

. . Have kIdS and name them TiME-SERIES ?—A STUDY IN SAMPLING AND THE NATURE OF

4K A . Kel Sey! N TiME-SERIES.

2K - :. ce ® .. TrE PRESIDENTIAL ADDRESS oF Mr. G. Upxy Yurg, C.B.E.,, M.A,, F.R.S,,
Y : ® FOR THE SESSION 1926-26. DELIVERED TO THE ROYAL STATISTICAL

0w e Soctery, NovemsEr 17, 1925.

r=+0.25 r=-0.44 r=-0.66 r=+0.66 r=+0.25

Cmny [P

$20B $22B $25B $28B $30B $32B

NASA's budget appropriation /"\JW'\/\/

/

Popularity of the first name Kelsey (1) rassumes that
-, . r=-0.03 r=+052 r=+061 r=+0.74 r=+058
o your n points are
NASA's budget appropriation n independent w
11.9K *- $32.28 ObservationS. r=-058 r=+0.49 r=-0.77 r=+0.58 M«»
9.0k s2028  (2) Random walks W
o .
6.0K $26.1B % are unlformly Distribution of r over 4000 independent pairs (ticks = the twenty above)
a distributed inr . e
3.1K $23.0B =
202 5 | ! | ! : ! ! ’ *T.’-’-‘.‘T.‘* $20.08 oo —L'75 - ~0.50 - ~0.25 l lo blo 0 I‘zsl I ullslo - o|§5 1.00
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The Spurious Correlation Plasma Mixing Trap (#2 issue)

Mixing two distinct regimes breaks
"stationarity.” Macro-scale variations
wash out micro-scale differences in

metrics such as correlations

Pre-Shock Only: r = 0.267
Post-Shock Only: r = -0.076
Spanning the Shock: r = 0.914

Scatter Plot: Spurious Correlation due to the Shock

Broader Discussion

Granger & Newbold 1974 (Economics); Matthaeus & Goldstein 1982

Jagarlamudi+2019: “Most studies of turbulence in the solar
wind invoke stationarity as a working hypothesis.
Unfortunately, this concept is difficult to verify in practice”

See novel method of calculating ACF: Perez+2026 (also #175 poster)

Let’s do another exercise and ask a question:

What happens when we observe an IP shock/discontinuity between

two spacecraft and we ask whether these signals are correlated?

Simulated B;

® Long Batch Points e} — !
25 4 Post-Shock Points only 00 °s e Spacecraft 1 (smOOth?r) : ‘
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20 - i v _e —1 1 | : A I i
P R 20 }|} ‘ H’\; 1 ,{ il Ll
& ST H IR, o ol B A A ] UL S M| LY
~ 35 ® oo N 151 T “ P Y L Y
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g 10 PANCTY 2 & 104 v | l u \' } | :
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1
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Spacecraft 1 B, Time (minutes)
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L1 Dataset & How to make it useful?
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Current efforts for combining L1 data, what else does the
community needs??

L1 Constellation — Combined Solar Wind Monitor — 2026-05-14
Common 16-s cadence: magnetic field (GSE) + proton moments (IMAP SWAPI / Wind SWE / Aditya SWIS, on IMAP 60-s epoch) | Daily mean spacecraft positions (GSE)

Ongoing effort lead by IMAP team (1 Dataset — 6 SCs): i‘:

23:00 02:00 05:00 08:00 11:00 14:00 17:00 20:00 23:00

° One merged PrOdUCt (Rl B’ V, n) T) i N W ._ _“.‘ "i PN\ wlflr*ﬂ.‘ ‘ ‘_“l‘l.‘_,;iw .wwl‘ : et

« Common/Native cadence Preview I8 L LR L Rl .\,..,«V et 20 TVEY.

L Com mon frame (GSE) . _5;3500 02:00 05:00 08:00 1100 14‘ooy 17:00 20:00 23:'01;
Quickplot

« Documented gaps. .

« Formation Characteristics (Q, P, E, L)
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Few open questions:
E 1:- At ANt ek Japrdia g, sy W ii
> HOW do you make th iS userI to the Com mu n ity? 23:00 - ozfoodﬂ — -05;0 - Voa:l‘)oﬂ. : 1.1:'\00 1:0; 17:00 20:00 23:00
. % 450 ‘ “ \Y it A “L'{, i
» What else do you wish to see? Vi s A L
i T L A
> Who maintains it after the mission teams move on?

40

PRELIMINARY IMAP DATA e 3 o N —— %
PRE REALEASE - UNVALIDATED & B @ug -2

Current dataset (V012): Nov 2025 - Now T osew & 5 e
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Summary

Six monitors at L1 are available, but only since practically this year 2026!

What we can do now

» Multi-spacecraft techniques at L1 for the first time: timing, gradients, reconstruction
» Probe coherence and structure across 100s of Re

« Reconstruct a more realistic magnetic field than any single point allows

What we can’t fully do (?)

* Follow the L1-to-Earth evolution from L1 data alone (needs modeling or near-Earth
data to asses evolution)

In about 20 years we went from one monitor to six. The real question is not whether we
have enough data, but which questions change because of this and whether we have
build the expertise & capabilities to answer them

Things | didn’t talk: (1) connection from PSP, SolO to L1, (2) Evolution of Turbulence,
(3) Heliospheric Current Sheet modeling, (4) Machine Learning capabilities, (5) Space
Weather modeling, and many many more...
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Mesoscale Structures in the Solar Wind — Example PDSs
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Mesoscales: bridge kinetic physics and global solar-wind Di Matteo et al., 2024

structure, shaped by both solar sources and propagation.

ARTEMIS P1 Wind
B (nT)
SNXPOT

PDSs: An example of mesoscales structure, a quasi-periodic
density trains carried by the solar wind

Savvas Raptis — L1 Constellation Science SHINE Workshop - Session 13 | 02 Jul 26



Bow shocks vs |IP shocks

Planetary Bow Shock Interplanetary (IP) Shock _
Planetary Bow Shocks: A curved, quasi-

Curved & Planar & stationary obstacle. Reflected ions are
Quasi-Stationary Propagating magnetically connected for long

durations, allowing observations to be
taken showing waves to grow and steepen

~800 km/s i
Solar Wind Q a/ into complex structures.

IP Shocks: A “planar’” and propagating

Y
Y

Y

Y

e structure moving rapidly (~800 km/s)
through the solar wind, potentially
restricting the foreshock development

o " Cross-talk” from QL * Restricted foreshock and limiting our observation capabilities.
e Hours of observations e Limited observation time
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Quasi-parallel and Quasi-perpendicular shocks
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