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Objective to Understand

Underlying dynamics of geospace systems
—  Driven vs Internal Response
—  Causality
—  Dimensionality

Nonlinear behavior
— Loading/unloading processes

Nonstationarity
—  Short term: e.g. substorms
— Long term: solar cycle changes

Predictability
— Horizon
—  Models



Methodology

e (Consider the evolution of variables that define the

— “State” of the magnetosphere:
« Geomagentic indices: Kp, Dst, AL, ...
* Physical Measures: Particle flux, b21, auroral power

— Physical process
e Jon fluxes <1on outflows
 Bulk flows < reconnection

e Determine the dependence on:
— External solar wind drivers: n,V,B,P,...
— History of the magnetospheric state



Defining the State of the
Magnetosphere

WIND- INDUCED ELECTRIC CURRENTS -
FLOWING IN THE MAGNETOSPHERE S

* Magnetic indices

 Historical record [ Nz
(1932 to present)

* Related to physical
current distributions
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Defining the State of the
Magnetosphere

eauroral power

epolar cap potential
*b2i1---tail stretching
ecnergetic particle flux
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Statistical Measures of
Dependency

1. Correlation function

2. Mutual Information
3. Cumulants

Correlated Data Uncorrelated Data High Order Correlations
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Entropy and Mutual Information

H(x)=-) p(x)log p(x)

N XE{I,...,N}ENI
H(y) = —;p(y)logp(y) yEAL..,.M} =R,
2
H(x,y)=- Y p(x,y)logp(x,y)
NN Mutual information is commonly

used as an alternative to
correlation functions which have

1 (.X,y) =H (x) + H (y) - H (x ,y) limitations for nonlinear systems.

Generalization to higher
dimensions is called redundancy.
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Multivariate Cumulants

C.,= <xi---xj> <— Correlation Tensors
K.=C. = < xi> Cumulants
Ki,j=Ci,j_CiCj=<.Xix]'>_<.Xi><x]'> l

K..-C,.-C.,C,-C,.C,-C..C,+2 C,C,C,
~C.,C=CCiy—CiC,,
2 .c.c+C.C.C+C.C.C+C,.C.C+C,,.C.C+Co.C.C,,
-6 C.C,C.C,



Discriminating Statistics Detect
Nonlinearity

* D, measures deviance from linear
correlations

* Truncating D at second order vs higher
order provides information about nonlinear
dependency

* Practical Point: D gives better statistics for
limited and noisy data




Transport of Information

« Solar Cycle Nonlinearity (Mutual Information and Cumulants)

« Compare with Surrogates that have the same Linear Properties
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High Speed Streams 1n the Declining
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Cumulative Probability

How Well Are Peaks Correlated
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40% of interfaces occur simultaneous
with high Significance

60% of interfaces occur within
1 day of high Significance

80% of interfaces occur within
2 days of high Significance
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Results of the Analysis

Identified nonlinearity in magnetospheric
dynamics during the declining phase of the
solar cycle

Identified a timescale (information horizon)

The nonlinear response 1s an internal
magnetospheric response to solar wind
velocity enhancements

Suggests an important nonlinear coupling
sensitive to solar wind velocity
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Tools to Study Causality

e Cross Correlations
- C(v) =2, X (1Y,
 Mutal Information
— MI(7) = 2, p(Xyip, Y )IOZ(P(X 10, Y V/P(X 1 )P(Y )
* Transfer Entropy [Schreiber, 2000]
— T(t) = 2 p(X 30X Y )I0g(P(X o] X, Y )/ P(X i X))
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Data Set (Solar Min HSS)

SI r Wind Interfaces, 1995-1996
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Issues

 Cross Correlation

0.8

~ ighh %

— Highly correlated in
both directions

-200 -150 -100 50

— Common driver but no R
coupling

 Mutual Information D
— Highly correlated in
both directions
— Common driver but no
coupling B




Transter Entropy

e Definition

— Txoy(T) = Z p(Xy 10, X YOLOZ(P(X 1| X, Y )/ P(X 421X )
= Tyx(®) = Z p(Yy 10, Y XOW0Z(P(Y 1| Yo X )/ P(Y 42| Y )
Strongly Directional
Eliminates Internal Correlations

Distinguish Common Driver
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Example: Spatio-Temporal Lattice

Periodic BC
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Ulam/Logistic Map

e f(x)=1x(1-x)
¢ f(x)=2-x?
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Information (bits)
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Mappings

Fixed Point State
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Spatio-Temporal Correlations

Causal connection at lattice spacing p =1 Causal connection at lattice spacing p =2 Causal connection at lattice spacing p =8
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Example: V, drives D
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Causality in Space Physics l

* Solar Wind—=Magnetosphere Coupling
* Internal/External Driving of Substorms

« MI Coupling---relation of waves, particle
acceleration, heating

* Plasma sheet pressure, Birkeland Currents,
[on Outflows
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Substorm Onset

Which comes first: current disruption or reconnection ?

i%%SLOfm IC::\S:f Current disruption
( m altitude) (60,000 km away from Earth's surface)

Wave Magnetic Reconnection
[ (120,000 km away from Earth's surface)

20 O e T e

Ground Based
Observatories (In

Canada and Alaska) Which happens first in the magnetotail? THEMIS,
representing the Goddess of Justice, will impartially decide.

w—=2mzI-

Aurora



Internal/External Triggering

e Northward Turnings

— > 22 min southward
— Rapid

— Sustained
— Hsu & McPherron, 2003

— Morley & Freeman,
2007

* Internal
— IMF southward IMF

Internal Trigger




Plasma Sheet Pressure,
Birkeland Cuyfents, lon

recovery
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Plasma Sheet Ion Properties
pressure density temperature
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Wave—Particle Field Aligned

eland Current System
tatic Potential Structures
arklund et al., Nature, 2001)
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Three Regions of Auroral
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Observed at FAST

Inferred

Outflow Correlations
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Future Activities

e Apply MI/Cumulant analysis to
— discover nonlinear dependencies
— determine information horizon

— obtain a coupling function
* Apply Transfer Entropy to Examine Causality
— pressure/currents/outflows

— waves/outflows

— substorm dynamics
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