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What's this all about?

: ._'-lnterploa.:.let;:ry Magﬁelic I;?iéld I:ineé ¥
» |n radiation belt modelling, we need L b
ensemble modelling to capture uncertainty Ny . <
' A BN : a n_e: opause
and chaotic behaviouir. o \ MY g R
-'.ow. \OE-__ ", - ’ gl v ‘ -..rv'fagnetotail
= BUT we don't even know how changing basic N j@’ D) Pt
diffusion model settings (outer edges, N TN / e
starting values of particles density etc.) U\ N\ lgn B

changes the final distribution!

» THEREFORE we need to run these

simulations to compare them, and develop a
way to compare them.
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The near-Earth plasma
environment

Solar wind — Earth's magnetosphere — radiation belts = space weather

3 sarah.n.bentley@northumbria.ac.uk
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Near-Earth space as a plasma laboratory NEWCASTL

. * .Interplanetary Magﬁetic Field Lines  °

» Solar wind: predominantly
electrons, protons and a

-particles, 200-1000 km s~ !.

» The magnetosphere: lots of
different particle populations at
various energies.

= Mostly collisionless.

Bentley 27t June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk
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Earth’s radiation belts

* Particles trapped by the
Earth’s magnetic field

* |nner belt is mostly

protons 1-3 Ry, fairly
stable

» Quter belt is highly
variable, electrons, 3-10

RE
e keV - MeV

2003 Oct 18




Earth’s radiation belts

...are interesting:

#1: Wave-particle
Interactions

 So few particles that
energy cannot be
transferred through
collisions

* |nstead: specific wave-
particle interactions
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Earth’s radiation belts

...are interesting:

#1: Wave-particle
Interactions

 So few particles that
energy cannot be
transferred through
collisions

* |nstead: specific wave-
particle interactions
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How can we model the radiation belts?

Particle motions — diffusion equation — radial diffusion

9 sarah.n.bentley@northumbria.ac.uk
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How can we model the radiation belts?

(and what is radial diffusion??)

* Very high energy, but few particles: 7~ N\
We can treat the radiation belts as if Plasmasphere, cold T
o ' _ Radiakion belk
they “sit on top” of the rest of the magnetospheric orbicles
magnetosphere backqground W partic
* Kinetic modelling of each particle
IS possible but expensive.
. ou 0% u 0% u
* |nstead: Use convenient facts about o5 =D ( 5,0 T 81,2)
the high energy particles to model 9 : "
the radiation belt population via the 5 — DVu
Very eﬁiCient diﬁUSiOn mOde"ing. The diffusion (or heat) equation (here,

with constant diffusion coefficient D) is
very well known and can be used
iInstead.

10
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Three Particle Motions

 Classical physics: If you are moving
adiabatically on a periodic path, there is

a conserved quantity J associated with
that motion.

adiabatic: slowly changing, in a reversible manner

o If more interesting things happen (i.e. on
the timescale of that motion, or faster)

the J; of that motion will change

Bentley 27t June 2025: Physics of Plasmas
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Three particle motions (Lejosne). So there are three conserved quantities,

each one associates with the timescale of one periodic motion.

Motion ~Timescale
Ji = MU Gyromotion <0.01s
Jo Bounce <1s
J3 =PHI ~ L* Drift >10s

sarah.n.bentley@northumbria.ac.uk




ke Northumbria

m = = - = University
General radiation belt diffusion equation NEWCASTL
| | Daa DaE 0
ot ij o | ’ dJj : (])5 ) (])EE Dy

* |Let’s expand the diffusion equation

 The full radiation belt quasilinear diffusion equation uses all three invariants, where
we assume that radial diffusion does not interact with energy or pitch angle

diffusion
of 1 o0 0 0 1 o 0 0 , 0 D;; of
o g(a) oo oa oF A(E) oE oF oa oL L? oL
EL EL a,L a,L a,L EL u,J uJ

 But if we only care about longer timescales, we end up with the 1D radial diffusion

tion
eq uatio Schulz & Lanzerotti 1974, Walt 2009, Glauert et al. 2014

12 Bentley 27th June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk
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General radiation belt diffusion equation NEWCASTL
| D(xa DaE 0
ot ij ofi |7 9 ’ (f ) (])5 ) Dy

* |Let’s expand the diffusion equation

* The full radiation belt quasilinear diffusion equation uses all three invariants, where

we assume that radial diffusion does not interact with energy or pitch angle
diffusion

 But if we only care about longer timescales, we end up with the 1D radial diffusion

tion
eq uatio Schulz & Lanzerotti 1974, Walt 2009, Glauert et al. 2014

Bentley 27t June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk



Example: Radial diffusion

1. The slowest motion is drift around the Earth
(~minutes, hours)The conserved quantity
relating to this is the magnetic flux
contained in a drift orbit.

2. You can also label this by the radius of that
drift orbit, if the magnetic field were relaxed
to a dipole, L*. The drift shell L* can be
used as the third adiabatic invariant.
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Disk for
flux calculaton
(from r —» ())

nght-hand rule
for flux calculation

The adiabatic invariant ® or L*. (Roederer & Zhang 2014)

Under slow changes to E, B, the magnetic flux contained a

drift shell is conserved. You can label this using L* (roughly r
in the diagram above)



Example: Radial diffusion

1. The slowest motion is drift around the Earth
(~minutes, hours)The conserved quantity
relating to this is the magnetic flux
contained in a drift orbit.

2. You can also label this by the radius of that
drift orbit, if the magnetic field were relaxed
to a dipole, L*. The drift shell L* can be
used as the third adiabatic invariant.

3. If an individual particle gets kicked off their
drift orbit by E, B perturbations, then their
L™ changes.

4. The whole population gets kicked to nearby
orbits -> show distribution across L™ using
a diffusion equation.
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actual dnift path

< \/_ \ final guiding
. drift shell

Radial diffusion. (Roederer & Zhang) Under a short kick at Q, one of
the particles has moved to a different drift orbit. As it’s only a
shortlived kick, this is not true of the rest of the particles.

Note the kick can be azimuthal _or_ radial.



Example: Radial diffusion
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t=0 t=1 hr (=6 hr
| (1a) | (2a) P
S0 ¢ | Dt
-5 ‘ —_ S
-5 O 5 | e— _ '
(R ] 0.50 0.75 1.00 1.25 1.50 . [I*’ ]
x Ry K [MeV| S

Numerical simulation, radial diffusion via ULF waves, Ukhorskiy & Sithov 2008.

Bentley 27t June 2025: Physics of Plasmas
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Example: Radial diffusion o Nt
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(=0 (=1 hr (=6 hr (=8 hr
5 (1a) (2a) (3a) P y Azimuthal variation is collapsed
| | # /\\\ onto a radial co-ordinate L: we
- ‘ | { average over each drift.
= o C q -\ D y
—55 ) \.\\\\B- L
(R, 0.50 0.75 1.00 1.25 1.50 e [R,]
N | ‘p - 1S
. K [MeV] .

Numerical simulation, radial diffusion via ULF waves, Ukhorskiy & Sithov 2008.

= The diffusion equation for particle phase space U _ 209 Do of
density f under radial diffusion: ot oL ] L> oL W
= Note that this is in a radial co-ordinate system.

L ~ “Distance” of drift orbit,
D, ; ~ Diffusion coefficient (effect of
electromagnetic perturbations)

» All the physics is contained in Dy;.

1
2
Bentley 27t June 2025: Physics of Plasmas
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Uncertainty in complex systems

Uncertainty that is inherent or due to modelling = ensemble modelling / data
assimilation — in space weather models.

18 sarah.n.bentley@northumbria.ac.uk
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Why ensemble modelling?

(For space weather generally)

* Running ensembles over many slightly =3 Ensembles e e
varied inputs such as initial conditions: recoce “,
A. Gives an uncertainty associated to any L E——

modelling. (== -

B. Represents the inherent physical
variablility in the radiation belts.

- - L
Time Sa

uncertainty
(Met Office) Ensembles can be used to capture uncertainty that

¢ ImprOved mOdel Iingl reflects physical reality.

19
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Why ensemble modelling?

(For radial diffusion)

100000

 Huge variability in the radiation belts anyway
— huge uncertainty to represent

0.200

1h
I0.175
-0.150

-0.125

60000

 [Thompson+ 2020] showed that variability in
the amount of diffusion gives us different
final electron distributions; ensemble
modelling is needed.

o
=
o
o

ty Estimate (column)

40000 0.075

PSD (c/cm MeV)~! sr™1

ensi

0.050

Kernel D

20000
0.025

d : 0.000
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

* [Bentley+ 2024] Benchmarking radial o L

Deterministic D;; based on ULF wave power statistics

diffusion timescales ready for ensemble e !
modelling.

20
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How to use ensemble models for
the radiation belts?

Run many experiments @ make metrics to compare them — realise some of
our approaches may be fundamentally flawed (?!)

21 sarah.n.bentley@northumbria.ac.uk
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Student J
runs
benchmark

set up
for ensemble
models!

depends on i depends on
things it 4 things it |

“\ ,m shouldn't. | /ﬁ shouldn't. |
How to use ensemble models for

the radiation belts?

Run many experiments = make metrics to compare them — realise some of
our approaches may be fundamentally flawed (?!)

22 sarah.n.bentley@northumbria.ac.uk
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Methodology

Numerical Experiments thompson et al., 2020

* Diffusion equation B L ifL<L,
9 Drr O 0, otherwise
_f _ L2 L L f o Lf
Ot L? OL

Loss via pitch angle scattering

L ~ “Distance” of drift orbit, D ~ Diffusion coefficient (effects Electron timescale T from Shprits et al., 2007

/ of electromagnetic perturbations) D1

Dy ; determines the amount of 4-
radial diffusion, and depends on L

l0g10 (), (M™25)
o

N

« Initial phase space density (PSD) distributions f: background
particles and an enhancement

Bentley et al. 2024, Physics of Plasmas 23



81 NaL+bKp*+cKp il il Noythurpbria
DLL x L°10 Ozeke et al., 2014 University
M th d I D ol =28 NEWCASTLE
e O o Ogy LL ° -

Numerical Experiments 1psfpson et al., 2020

* Diffusion equation

P L L<L,
ﬁ g2 (’Qf) 10, otherwise

ot [2 0L

=

Loss via pitch angle scattering

L ~ “Distance” of drift orbit, Dy ~ Diffusion coefficient (effects Electron timescale T from Shprits et al., 2007 0
/ of electromagnetic perturbations) O i
o .
Dy ; determines the amount of o 4 :
radial diffusion, and depends on L ~ : B
3 I
= i
=% [
O o) | .
« Initial phase space density (PSD) distributions f: background ot | . .
particles and an enhancement 1 M I
Loss — f'in this region : -
T 0
to approximate pitch- -
angle scattering
Bentley et al. 2024, Physics of Plasmas o4 Lp Lauter
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 Represents the physics we are often

Metric 1: Time to monotonicity 7,

“How long until the enhancement has diffused away?”

 Can’t use MSE etc because then you
need a threshold for when two PSD

distributions are “close enough” — your
results become threshold-dependent

interested in using the shape of the
phase space density (PSD) distribution.

Bentley 27th June 2025: Physics of Plasmas
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Metric 2: Analytical approach &, ./

Mass- and energy-like density

N? 2 (Mass- and energy-like density) N = /f_dL

Mass in experiment

Bentley 27t June 2025: Physics of Plasmas

ke Northumbria
University
NEWCASTLE

2—alL
— o / 5

How close the distribution is to a zero
state; or a state that does not change
with time

sarah.n.bentley@northumbria.ac.uk
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t, tells us...

Diffusion varies withOute,, and outer boundary condition
Time to monotonicity ¢, ] 7 . /

“How long until the enhancement

PsD

- 12 L = = = L
has diffused away? 150 L — e — g
) 100-
50-
N
% |
: g %9 \"“\ @ @ ®
Example: enhancement location u < 10 °.q t.\. L o
S 1 @ e LN e
Diffves = | O%e. . %o %q e
/" fester {kp=9 T-@ g ©_ ©
- '*tt‘ L "t’
LA\ (L _ %eeelee?
2 3.5 4.0 4.5 5.0
u
L t,, varying with ¢ and Kp, with a Neumann (constant gradient)

outer boundary condition.
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t, tells us...

Diffusion varies with(u, B,\L

outer

and outer boundary condition

Time to.manatonici A : . -

“How Ic Recall that

has di . -
DLLocLl()“Jr P rcAp

i.e. diffusion coefficient varies depending on where we are in L!

Exampl

PV
W
U1
>
=
a
U1
U1
=
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t, tells us...

The outer boundary condition changes radiation belt behaviour

(a) (b)

Y— Y

o o

— —

O) O

Q| : S

A - a -

Ny —— Initial N — [Initial

R | — —- Intermediate = _ — —- Intermediate

------ Monotonic : === Monotonic
L L

Neumann outer boundary (variable value; zero flux) Dirichlet outer boundary (constant value)

The enhancement diffuses differently depending on the outer boundary;
which determines whether the enhancement can diffuse into high L.
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How significant are these effects in reality? NEWCASTLE

% o L2 (DLL 6f)
ot L2 OL

= Do we care about initial 1
|

o o ;’ if L S Lp
conditions compared to loss from .
. ‘ 0, otherwise
pitch-angle scattering?

Loss via pitch angle scattering
Electron timescale T from Shprits et al., 2007

—
&3
QR
S—

(b

» Both outer boundary conditions
shown previously are physical
and unphysical in different ways.

PSD, |0g10 f

- Initial
- == Intermediate
««++ Monotonic

L

30 Bentley 27t June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk



ke Northumbria

These effects are dominated University
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]

¢
]|
¢

S |
ﬂ.j@' PSD: IC;'glO f: (m—ES)
Qo =
\
S
h{é?' PSD: IC;'glO f: (m—ES)
Qo =
\
/

2 . 2 .
D D
4 s
~ S 6 ~ S 6
N S 5) ~ D D
5 Hg 4 5S4
bDQ&S, L bOQﬁF L

Starting with a different outer boundary condition and
no loss results in a different evolution.

31 Bentley 27t June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk
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(d)
r\l?:' D .
g
4.
2
%5 3 |
albN
w8
?5- ........ ;{%‘\5“ ri‘]’b)g’[?tzz«
E 1717 = E 1777 Urs
N = " (e) (£)
= = = e f)
g g 5. T 5.
2 52 S0
BRGNS ! o ~ 8 9 . a ?%*3
éf}be 6 N g 4 éf}b@ T8 S g3 4 9 [[
’ [20‘:’3‘3 I, ’ boaﬂ? L o %:
3 E ™ 3
Starting with a different outer boundary condition and : g | S o5 *
no loss results in a different evolution. L

Same simulations, with loss: The evolution appears
much less boundary-condition dependent.

32 Bentley 27t June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk
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How does loss affect our ensemble?

Plasmapause location vs 1 is important

Plasmapause location is

Explanatory doodle: higher L than

enhancement
o |f we add IOSS, then there Is at |least ) Example minimum from (b) §L=“ §L=Lp
one new parameter to benchmark: the S ossitusion S
edge of that loss, the plasmapause. 8 8
a) o)
N 7p)
» The location of the plasmapause 8 8

compared to the enhancement can : L
result in monotonicity never being

reached: f,, would need to be
adapted in this case.

—~
@
N
—~
@
~—

PSD, logiof
PSD, logiof

Bentley 27t June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk
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Metric 2: Mass- and energy-like density.}/, & ©

We can quantify how f moves towards equilibrium; how it diffuses

—dlL
N, & (Mass- and energy-like density) N = / f 734

Mass in experiment

Bentley 27t June 2025: Physics of Plasmas

2—alL
— o / 5

How close the distribution is to a zero
state; or a state that does not change
with time

sarah.n.bentley@northumbria.ac.uk
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Metric 2: Mass- and energy-like density.}', &

We can quantify how f moves towards equilibrium; how it diffuses

N = /f—dL 208/IfI2—dL

Mass in experiment How close the distribution is to a zero state;
or a state that does not change with time

N, & (Mass- and energy-like density)

Using D;; = DyL" we can exactly specify how the
boundary conditions and PSD contribute to
changes in /', & over time, e.qg.

Example uses: Track the changing mass, track
what conditions contribute the most to the

changing PSD f

Bentley 27t June 2025: Physics of Plasmas

575:

_ 1B

i OB
Drr DLL
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¥ University
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(fr)°d

How f and DLL affect the rate the PSD trends toward a

minimum energy state.

F o ut
b

I
o's

Calculating all components of /', the

biggest component is loss; loss
contributes the most to the changing
particle density.

logyo (| N/ N|)
L
o

I
p—
N

I
S I
S |

Coe MPLNL oss) o NEPL(D, loss)
NI (N, loss) N=AD, loss)

i

=== A, (D, loss)

0 24 48 72 96 120 144 gc.uk

time, hours
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& over a week

Outer boundary condition and location matters

(c) 0.0-
= & over a week for two different outer ~ -0.1-
boundary conditions and two different 5 _
outer boundary locations. )
S —0.3 i
» Remember: the lower the &, the closer g (D) Louter = 6.5 N) Lo =7
we are to to low “energy”/ equilibrium  —0.4- (D) Loyter = 7.5
state _05

0 24 48 72 96 120 144
time, hours

36 Bentley 27th June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk
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Outer boundary condition and location matters

(c) 0.0-
= & over a week for two different outer ~ —0.1-
boundary conditions and two different 5 _
outer boundary locations. X
S —0.3
= Remember: the lower the &, the closer 2
we are to to low “energy”/ equilibrium  —0.4°
state _0.5-
O ®
NV et 08 adibon, |

: B
37 Eint_

(D) Loyter =6.5

(N) Louter =75
(D) Loyter =7.5

24 48 72 96 120 144
time, hours

sarah.n.bentley@northumbria.ac.uk



Earlier: both boundary conditions
could impose unphysical processes.

/N
Q
N—"
/N
U‘
N—"

Now: the length of the domain also
changes the evolution.

—— Jnitial
-~ Intermediate > Cutting short a domain to where
----- Monotonic . g

there Is data will remove some of
the physics.

— [nitial
- == Intermediate
----- Monotonic

PSD, logiof
PSD, logiof

L L

> Lee+ 2024 showed that a shorter
domain with data is better.

0, 2) > This leaves big questions for
forecasting, when data is

J Longer dorains unavailable.
riguca. T4 o

¢ M Different OB cxdibor, g

LW’M[\JHDA

LA Losrart Really, we need outer boundary
bimt bime location, value (data!) and different
(mixed?) boundary conditions.

Bentley et al. 2024, Physics of Plasmas %8
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Gradients > [, ;

ke Northumbria
University
NEWCASTLE

&, allows us to test how D;; vs f; contribute to evolution of PSD f

» Typical diffusion “acts to reduce gradients” as

& = — J( f)7dx

5_

4 - B

Typical, constant-D diffusion:

Steeper gradient at A
therefore more diffusion

log1o (), (M™25)
W

than at B A
-
« UsingD,; = D,L", n =8, we find -
gl 0~ » ! 3 4 5 6
OB L
D D
_ LL LL 2 Radial diffusion:
&, = [—2ffL — |5 (/L
L2 )L
What about D, ;?
» Radial diffusion is more complicated!
Bentley 27t June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk

Bentley et al. 2024, Physics of Plasmas



40

kel Northumbria
University
NEWCASTLE

Gradients > [, ;

&, allows us to test how D;; vs f; contribute to evolution of PSD f

But which of D, ;, /; dominate

» Typical diffusion “acts to reduce gradients” as the system evolution?
0
b =
-
Z 43 10 &
. . | 3 72 ‘S
« Using D;; = DyL",n = 8, we find 5 96 5 7
: E
D OB D =120 0 ©
B LL LL , »\2 , S
[ ffL] - | Fchya 144 :
IB V=55
2.5 3.2 4.0 4 3 b.o 04
) o gece e . ' D7
Radial diffusion is more complicated! Red means: (fL) =
Bentley 27t June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk

Bentley et al. 2024, Physics of Plasmas
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Gradients > [, ;

&, allows us to test how D;; vs f; contribute to evolution of PSD f

5_
» Typical diffusion “acts to reduce gradients” as 0
1 B
Typical, constant-D diffusion: IE 4
5 Steeper gradient at A .
%t = — (]gc) dx therefore more diffusion “ 3-
A
than at B S
S
— 2 ]
« Using D;; = DyL",n = 8, we find -
fin
OB .
D D a
_ LL LL 2 Radial diffusion: 0
&, = Yijs — (fp) dL = _
72 72 2| [ .~
IB S| [ _
The same! 2 — fn=Tout
. f T fin<fout+floss
° ° ° ° ° H : - OUt ----- f=0
e Radial diffusion is more complicated! We end up with monotonic \|~— """ "~ "TF
states that are extremely L

skewed to low L
41 Bentley 27t June 2025: Physics of Plasmas Three example final, monotonic distributions.
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Gradients > [, ;

What does this mean?

» Conventional wisdom is the opposite: that in the radiation belts,
Dy > Jp.

= |f this is wrong, should we be spending our effort determining f
(and hence f;) over D, ;?

= OR are our results wrong? Is the 1D radial diffusion model too
simplistic, and we need the other two types of diffusion?

42 Bentley 27th June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk
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Conclusions

1. Outer boundary condition and location change the system
evolution, and it's not clear what we should use.

. . . . . . . Bentley et al. 2024,
= for now, using data constrains the simulation but this is not available for Physics of Plasmas;

doi:10.1063/5.021/7/268

forecasting.

2. Gradients may be contributing more to diffusion than diffusion
coefficients.

» EITHER we need to shift our focus as a field OR stop using 1D radial diffusion.

3. We developed an intuitive metric (¢,,) and a mathematically sound

one (&, /)

43 Bentley 27th June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk
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* Diffusion equation Of , (Drr, Of 1 ifL<L,
tn, anc v TR ~ Lf £=47 .
(We run with, and without loss) Ot L2 0L 0, otherwise
L ~ “Distance” of drift orbit, D ~ Diffusion coefficient (effects . oss via p|tch ang|e Scattering
of electromagnetic perturbations) Electron timescale T from Shprits et al., 2007
* Diffusion coefficients
(1) Dy, =D? + DE, Dip =216 x 107°L01Q-21HH0-A01 8P

DEL — 6.62 X 10—13L810—0.0327L—O.108K2p—|—0.499Kp

(2) DLL:DQLn,TLZG

Diffusion coefficient parameterisation from Ozeke et al., 2014

* |nitial phase space density (PSD) distributions: background particles and an enhancement
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Metric 1: Time to monotonicity tm

e Can’t use MSE etc
because then you need a
threshold for when two

PSD distributions are

“close enough™ — your
results become threshold-
dependent

 We look at the interesting
morphology: “how long for
an enhancement to diffuse
away”

(a)

l0g10(PSD)

I

——= Injection
—— Background

L

(b)

l0g10(PSD)

Northumbria
University
NEWCASTLE

_f
4
- fin=fout
- fin < fout"‘ floss
<_fout ...... f=0

Bentley2024+ Example phase space density (PSD) distributions.

(@) monotonic, “quiet/background” distribution + enhancement

(b) potential long term (monotonic) PSD profiles: a return to the quiet profile (solid), a reduced
amplitude profile (dot-dashed) and a zero profile (dotted).
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Selected results with ¢,

Northumbria

Enhancement location 1 and step size B

) 150
100

50-

Kp =25 Kp =4 Kp =3
- h "0 A S
o, 0. . .. 0\'
S~ ~.\ .\ \.
Q. . | %
Q. Q. [ ®
| @ Q.. o @
1 ‘\’\ ‘\ '\ \'
| Kp —_ 9 ‘\‘\ ‘\'N‘ ‘\‘ \'
'*tt‘ e g '*t‘
900 O-@
: : : \._._._“_
3.5 4.0 4.5 5.0
U

t,, varying with ¢ and Kp, with a Neumann (constant gradient)

outer boundary condition.

With geomagnetic activity (Kp) held constant,

the higher in L the enhancement is located the
faster it diffuses away.
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501, w.  Cee
)
S:-$| ' Kp=4
O ® "On
N 1 O __ ““ "' e m““’“’ Kp=>5
2 f |} .'QQ...
= @ \ ‘Q. 0000000g¢ 1 - ¢
% g L POV
Q‘”CQ”“” ”W” =7
1 Kp =9 900@® 0000000000000 Ep =
0 2 4

t varying with step size B and Kp, with a Neumann (constant
gradient) outer boundary condition.

With geomagnetic activity (Kp) held constant,
the higher the background population at the
outer boundary, the quicker the population
reaches monotonicity.



ke Northumbria

How does loss affect our ensemble? < =<

Plasmapause location vs 1 is important

Plasmapause location is
higher L than
enhancement

« Effects of outer boundary condition and location are (2) (b) L=p L=L,

. Example minimum from
dominated by loss - these are secondary, phew! loss+diffusion

Explanatory doodle:

* The location of the plasmapause compared to the
enhancement can result in monotonicity never being

reached: 7, would need to be adapted in this case.

PSD, logiof
PSD, logiof

L L
Simulations:
| |
Y Y
g, g, g :
3 3 3 5
o) o) - -
%3' L=3.3 %3' L=33 9) 9)
9) 9) A A
alb R I B | | ol R B | |
3 4 D §) 3 4 D §)
L L

Bentiey 27t June 2025: Physics of Plasmas sarah.n.bentley@northumbria.ac.uk
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What else about the outer boundary?

O - —~ 5.
Y Y Y
o o o
—i — —
@) 3 | —— 0 hours —— 84 hours @ 3 @) 3
_\ —— 24 hours —— 108 hours _\ _\
o —— 42 hours 126 hours O - Louter = 0.5
) / —— 60 hours 144 hours 0p) / 0p) Louyter= 1.5
A28 | | | | Ay 2 Ay 2 . . . .
3 4 D 0 7 3 4 D o 7
L L.
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Numerical Experiment setup

We vary and examine:

e  Strength of diffusion coefficient (via Kp)

e |nitial distribution properties:
o Amplitude A
o  Location u of enhancement in L*
o Width o of enhancement
o  “Background” particle population (step size B)

e  Outer boundary location L, ..

e  (Quter boundary numerical condition (OBC).
e Loss Z, e.g. from pitch-angle scattering.

e Plasmapause location Lp.
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Numerical Experiment setup

We vary and examine:

5_
e  Strength of diffusion coefficient (via Kp) ;"T A
e |nitial distribution properties: E
<3
> Amplitude A Some are more 2
. : S
—Pp o Location u of enhancement in L* mterestlng! — 27
o Width ¢ of enhancement 3 4 | 5 6
1 L .
- o  “Background” particle population (step size B) Loss ?f in this region . :
_ to approximate pitch- - 5
—Jp ¢  QOuter boundary location L ... angle scattering L [
P outer
=P o  Quter boundary numerical condition (OBC).
e Loss Z, e.g. from pitch-angle scattering.
—Jp¢  Plasmapause location L,,.
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