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e Anticipating Prompt SEPs
from Flares

* Energetic particles spiral along
fieldlines

e Flares can temporarily open
field lines or SEPs may leak to
nearby open fieldlines

e Are we connected to near the
flare site by an open fieldline?

Reames 1999
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o System State

Coronal expansion with pure dipole
magnetic field added (MHD Solution)

Fast wind
T

«— Current Sheet

~~Helmet Streamer
(Not Flowing)

Coronal field open at high latitudes
Coronal field closed around low
latitude sunspot groups
Heliospheric Current sheet
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Slow wind / Fast wind
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 Simplest — Archimedean Spiral
— Based on latest wind at L1 and solar rotation rate

e Slightly more sophisticated — PFSS Coronal model + Spiral

— Combines a potential field model below 2.5R s with Archimedean spiral

e Additional Complexity — Wang-Sheeley-Arge (WSA)
— PFSS + SCS (2.5 - 5R) + kinematic wind approx. (SRe — 1AU).

e More Complex — WSA + ENLIL 3D MHD
— WSA (PFSS+SCS(to 0.1AU)) + ENLIL 3D MHD (0.1AU — 2AU)

e Input Sources
— Single Frame Synoptic photospheric magnetograms (GONG, NSO, SDO, etc)
— Time evolving models of the surface flux —eg ADAPT



B<.. Archimedean Spiral
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Mo (Ignore all the messy details!)
ENTER
Assumptions
* Solar wind flows radially. * Sun rotates every ~25 days.
* Field is frozen in the plasma. * Solar rotation gives fieldlines a spiral shape
* Field is dragged open everywhere.  Tighter spirals for slower wind

Fieldline Footpoint Location Calculation Orbit of Earth

Transit time of solar wind from Sun to Earth
ot =215Ro/v,
Longitudinal offset from sub-Earth Longitude

0¢p =+ Qsinf o6t

Latitudinal offset from sub-Earth Latitude
00 =0

Parker (1963)
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SDO/HMI
4/29/13 — 5/1/13

SDO/HMI Magnetogra




B Potential Field Source Surface (PFSS)
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e Field must match the surface flux distribution from J=VXB=0

the input photospheric synoptic magnetogram

. = B=V¢

e Assumes no currents exist between r = R¢ and the

source surface atr=2.5 Re. > V-B=| r2¢=0
e Assumes field is radial at the source surface

Maximum Harmonic Order = 90 gongz/2222_151

* Solution of Laplace’s equation
— Analytic
— spherical harmonic expansion

* Heliospheric field determined from simple Parker
(Archimedean spiral) based on time varying wind
speed measured at 1AU.

e (Obvious weakness — the real solar field is not
globally radial beyond 2.5R¢ !

Al PFSS+Spiral Foolpts.
— Has a current sheet! Time +2(1‘1)9“—090:)&)T11:14:(
v 456.9km/s
Lot. 15.7°N

Corr.Long. 272.5°
SubE. Cr.long. 211.0°
d$_., 51.6°

Py 120
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Adds a Current Sheet component
to the PFSS model to represent
the heliospheric current sheet.

Outer Coronal” ,

Propagates the solar wind using Boundary
an empirical formula for the
wind speed at the outer boundary
of the SCS component.

— Wind speed is a function of the rate
of expansion of the flux tube and the
proximity of the fieldline footpoint
to the nearest coronal hole boundary
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97-05-13 18:00

e Time dependent Heliospheric 3D MHD
» Rotating inner boundary at 21.5R

* Based on WSA field and wind speed, but
— Azimuthal field component added

— Azimuthal offset added to allow for wind N
propagation time from 1 to 21.5R¢

- U - (0-50) km.s1, with floor of 250 km.s™! 2019093071200 EARTH 2019-09-30t12 + 0.00 days
(a) Ecliptic plane (b) Meridional plane (c) Radial plane
and ceiling of 650 km.s™!

- nv2=300 x 6502 (constant KE)

- nT =300x0.8 (constant pressure)

e Quter boundary at 2AU

e Can run ambient or cone model cases AT e e
RN (cm™) T IMF line  IMF polarity HCS CME simulated

o 10 20 30 40 50 60 _— B =N _— O
ENLIL-lowres + GONGZ-WSAGu + Ambient-SWRC HelloWeather
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Models need
global surface field

Far side 1s not
observed

Field does evolve
when on far side

Surface flux evolution models model this with known flows and
statistically based realizations of emergence/submergence

eg ADAPT — Henney et al
Others, SURF, DeRosa?

ADAPT (Air Force Data Assimilative Photospheric Flux Transport) — 12
time series (‘realizations’)
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e [SWA Cygnets — Earth Only

e All forecasts of footpoint connectivity to Earth from

different models

Ambient Fieldline Footpoints 2019-09-30 12:04 UT
Model Footpoint Key:
61N,268 15N,272 6N,260 WSA-4.5+ADAPT (R21.5 solid; R5.0 unfilled)
61N,58W 15N,62W 6N,50'
Windspeed 456.9 {(km/s}) Windspeed 456.9 {(km/s})
60E 0 Gow 120W 180 120E 60E

90N I T T T T

B -
- o g NN

45N —

455

Qs | 1 1 1 1
2222 150 210 270 330 30 90 2221 150

Carrington Longitude
Image Type : magnetogram Julian Day 2458757.0
+ve flux -ve flux

Visible/Invisible Boundary: Tilt of Earth Orbit = 7.10037 degrees : North Pole Yisible

5 day
forecast

Background
1s surface
magnetic
flux



e [SWA Cygnets — Earth Only
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Ensemble Connectivity Viewer -

‘SolarScape’ View

Background i1s
SDO/AIA 193A

Can add locations of
active regions and
proximity alerts

2 (O NOAA Active Regions
= ® PFFS+Spiral
=g © Spiral Only
©® WSA/ENLIL
WSA-4.5+ADAPT R21.5

SDO/AIA 193 2019-09-30 05:36:05 UT WSA-4.5+ADAPT R5.0

4 | 2019-09-30 06:00:00 ¥ | b "% Background v
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e All forecasts of footpoint connectivity to Earth from
different models

Ambient Fieldline Footpoints 2019-09-30 12:04 UT
Model Footpoint Key:
61N, 268 15N,272 Spiral Only: 6N,260 WSA-4.5+ADAPT (R21.5 solid; R5.0 unfilled)
61N,58W 15N,62W 6N,50'¢
Windspeed 456.9 (km/s}) Windspeed 456.9 (km/s})
60E 0 Gow 120w 180 120E 60E 5 day

90N

forecast
45N
Background
1S pattern of
open and
closed flux

455

90 S

2222 150 210 270 330 30 90 2221 150

Carrington Longitude
Image Type : openflux Julian Day 2458757.0
+ve flux -ve flux

Visible/Invisible Boundary: Tilt of Earth Orbit = 7.10037 degrees : North Pole Visible
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M Inner Planets and Flight Missions

* WSA-ENLIL forecasts of footpoint connectivity to
different inner heliosphere objects

Mars : 585,68
Spitzer : 66N,165 Parker : 69N,176
Ambient Fieldline Footpoints 2019-09-30 12:04 UT
90 N I T T T T
- ol RHR - - . T =
45N =
0 e __t
45S [— O © =
_ © o
- o 5 : -
20 S | 1 1 1 1
2222 150 210 270 330 30 90 2221 150
Carrington Longitude
Image Type : magnetogram Julian Day 2458757.0
Planets: Filled Circles  Satellites: Filled Squares +ve flux -ve flux




How do we know what the right answer 1s?

Method
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Develop a list of impulsive SEP bursts recorded
near Earth

Establish the source events on the solar surface
(Soft X-ray, EUV, He, type I1I)

Focus on small events because these are less likely
to have wide propagation cones

— These small events are not themselves a space
weather threat

Model fieldline connectivity at the time of the SEP burst

Compare model’s Earth connected fieldline footpoint with the ‘observed’
source location
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SEP Longitude Offset Latitude Offset
Event PFSS WSA/ PFSS WSA/
Number | ASM -Spiral WSA ENLIL | ASM +Spiral WSA ENLIL
1 2F 20E 1E/10E 20 30N 38N 93N /91N 29N
3 44W 56W 56W/5TW  56W| 22N 6N 6N 8N
4 10E 13W TW SW| 11N 32N 38N 46N
5 12E 9E 22W /19W 8E| 1IN 8S 6S 1S
6 29E 37E 13W/14W 2W | 24S 528 563 58S
8 30W 32W 35W  4TW | 26S 118 118 12N
9 15E 12E 9E 7E| 8N 17N 20N 42N
11 10E 2W 3dW/32W  20W | 10N 2S 0S 0S
13 6E 1W 5E/34E 34E| 23S 3S IN/TS 16N
14 10E 0 9W/13W 5W | 10S 8S 8S 16N
15 95W 88W 93W/7T8W  88W| 10N 25N 27N/40N 27N
15* 46W 39W 44W/29W  39W| 16N 31N 33N /46N 33N
16 24W 26W R2W/3IW  26W| 158 248 26S/25S 23S
1R 28E 13E. IRW 20W | 16N 18 138 418
19 10E 50E 68E/66E S6E| 26S 308 29S8 228
— 20 2TW Sk I6E I6E| 16S 278 24S 24S
Average 23 25 27/32 24 17 19 27/24 25




e Absence of Low Latitude Flux
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4/25 4/22 4/19 4/16 4/13 4/10 4/7 4/4 4/1
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o ‘
i.l__ .
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0 -10
°
—45
o —-30
—30 —50
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1988 1987
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‘observed’
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Derived Coronal Holes

0 90 180 270 360
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Sub-earth lonsitude
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Support Slides
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Corona
(1 —2.5r,)

Eclipse
2016
Indonesia

Total Solar Eclipse 2

016
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Wind drags field in radial direction at local wind speed

Solar rotation gives fieldlines a spiral shape

— Tighter spirals for slower wind
Model can provide footpoint longitude nowcasts

Footpoint latitude 1s always given by the angle of the ecliptic plane
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Altschuler and Newkirk(1969), | |
Schatten (1 971 ) Maximum Harmonic Order = 90 gong/2102_163

Assumes simplest model of
coronal field
— Current-free between 1r,and 2.5r,

Radial field imposed at 2.5r,

Photospheric magnetic field
determined from LOS synoptic
magnetogram S

Heliospheric field determined from -
simple Parker (Archimedean S
spiral) based on time varying wind

speed measured at 1AU.
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Wang-Sheeley-Arge (WSA) Model

PESS from surface to 2.5R,
Pseudo-potential solution from 2.5R,
to 21.5R,

— Solves separate potential
problems for regions of +ve and
—ve radial flux

— Introduces a current sheet at
boundary plane

At 21.5R, defines a local wind speed
using an empirical formula based on

— Rate of expansion of flux tubes

— Proximity of fieldline footpoint
to the nearest coronal hole
boundary

WSA_SUB2.2 12/15 12/12 12/9 12/6 12/3 11/30 11,/27 11/24 11/21
a0

al Field
GON

Coran

Photospheric Field
GON

Solar Wind Speed
GON

| Hales

GON

Derived Coranal

2158

Carrington Longitude
Carrington Rotation Number

2157

650

550

o
km/s

350
250

650

550

o
km/s

350
250
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New Picture: Reames 1999
" Flares CME Shocks
Impulsiv
c

R I I LI /
- (b) Impulsive "3He-rich" Events
= MeV —
r * 0.2-2 Electron =
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& 10
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L ] 3 10
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Mechanisms ? -3
* Resonant wave-particle interactions
* Direct acceleration in reconnection sites
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B o Magnetogram Height and Model
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; ,. , / O\ mes f1 7 M Coronal model
ay  — : i T ; b . !
. ! - T8 / i base

transitionregion; 4 \ v i i / / U

Na

| m—i Chromospheric
> ": d i ............
7"”“” créms . Y magnetograms
el - AR Photospheric
.............. Qm” A—w-A ‘ M — P - \ /“
[ p-modes / g-modes magnetograms

=

supergranulatlon | Wedemeyer-Bshm et al. (2008) |
30 Mm
GONG Pixel size

Aspect ratio distorted — Height enhanced by factor of 10
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Plasma at any point is a collection of charged particles with a distribution of velocities.
All charged particles spiral along field lines
The majority of the particles are slow enough that they ‘collide’ frequently with each other, travelling short
distances between collisions, exchanging momentum and so sharing an average local flow speed.
—  These are treated as a fluid
—  The fluid flow is driven by gradients in pressure, gravity and Lorentz forces
—  The fluid wants to move out radially and will do so unless constrained by the magnetic field
—  If the fluid carries enough oomph it can force the field to adjust to accommodate its movement

— Inalow resistivity plasma the fluid and field are locked together — the so called ‘frozen-in’ theorem.

Particles in the high energy tail of the velocity distribution have much longer (proportional to v¥) mean free
paths and so essentially move independently
—  There are too few of these to carry a sufficiently large current that could modify the field.
—  Therefore these simply spiral along the fieldlines

Add
graph
ic for
Max
wellia
n
with
tail
and
for
partic
les
helica
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wBasic Picture of Solar Wind and IMF

Center

- Magnetic Field at surface — active regions, plage, quiet sun, coronal holes
- All charged particles spiral along field lines
- Charged particles in the plasma have a distribution of velocities
- Low velocity particles have a short mean free path — they frequently exchange
momentum with each other and so on larger scales their motion is the average ‘flow
speed of the collide with each other over short distances — their flow speed is
determined by the collective ‘group’ properties of the low velocity particles
- The bulk of the plasma obeys a Frozen in condition
— Pressure gradients mean wind wants to flow radially
— Competition between field and flow
— Ratio of ram pressure to magnetic pressure determines which dictates
— Field wins near active regions in low corona — dictates plasma movement
— Flow wins in weak field regions and at distance from the sun — flows drag field
Solar Wind opens weak field
- Energetic particles have very low collision frequencies
— Behave independently of the bulk flow
— Spiral along fieldlines

— Objects connected along fieldlines to openflux near boundary with flaring ARs may
experience prompt SEP events.

J
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*  Where electrical resistivity is low, 1onized plasma and
magnetic field are locked together — the ‘frozen-in
condition’

* In MHD the Lorentz force decomposes into ‘magnetic
tension’ + ‘gradient of magnetic pressure’

JXB=- V(BY8m)+ (B V)B
Wants to expand Wants to unbend
Magnetized volume fieldlines

» Qas pressure (p = 2nkT) competes with magnetic
pressure (pp = B*/87)

— Plasma S = p/py

* Where gas pressure dominates, the wind flow
drags the fieldlines with it.

*  Where magnetic pressure dominates, closed
fieldlines trap the wind in loops close to the sun.
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Plasma £ above an active region
¥ Plasma Beta Model
10 ; ol TRy LARLL DL 11 "””' LSS e SRR AL .
- SW acceler. Flows drag field
103;, region ....................... .................................
- Corona
102:—
g Field controls plasma
~ 10'E e
10%F : 3
- Chromosphere ' -
,0_1;_ Photosphere :
: L B> i Flows drag field
10‘2- TR EPETE T BT i T
1074 1073 1072 107" 100 10 102

Beto (16mnKT/B?)
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Quasi-neutrality

— Plasma is locally neutral (on the macroscopic length scales we consider)

Plasma motions are much slower than the speed of light
— Vv<<c

Electron and 1on velocity distributions are close to Maxwellian
The electrical resistivity 1s so small that we assume it is zero
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- 0
Conservation of mass — . =
( 5 TV V)p=0
- 3,
Conservation of momentum / —+v-V)v=IXB-Vp+
force balance p( dat ) M J - pPrPE
agnetic force
: 0
Conservation of energy (a +v-V)pe=-V-(pv) -V-q+H —R

Equation of state (how the gas
can store energy internally)

3
e=-p= 2pk,T/m,

d
Induction equation EB =VXx(vxh)

From Ohms law — currents appear .y
=V xB
where the field changes quickly I

Fieldlines must close ! V - B=20
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B o WSA/ENLIL (Odstrcil)

 WSA provides model of the coronal field
inside 0.1 AU and the solar wind flow
speed on the sphere at 0.1AU (21.5R )

« Input is low resolution time independent
synoptic (diachronic) LOS photospheric
magnetograms

e ENLIL uses MHD to model from 0.1AU
outward

« ENLIL takes the WSA solution at 0.1AU,
and adds,

— Mass density — uniform mass flux at 0.1AU
— Temperature — uniform pressure at 0.1AU
— Longitudinal component of B

A_SH &

7 / /¢ /
0

Mo Ambient Solar Wind Modeling

ury @ Venus <OMaven O Spitzer W Stereo_A M Sterec_B
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* The most complete physical treatment that
our models offer

 ENLIL, MAS(in CORHEL), AWSoM

« MHD codes are expensive to run

» Algorithms are complex and therefore fragile

» Results must be reviewed carefully for
physical sense
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Croomro Synoptic Magnetograms
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Full Disk * Daily synoptic maps
Photospheric hourly from GONG
Magnetogram * Full rotation ‘science

quality’ maps posted
within about 2 months

Photospheric Field

GON

12/3 11730 11727 11/24 11721

Gauss

260 290 320 350 20 50 B0 110 140 170 200 230 260
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In MHD, parcels of plasma talk to each other through sound and
alfven waves.

Sound waves cannot propagate upstream 1n a supersonic flow.

Beyond the sonic point (~ 5 - 10 Solar radi1) and the super-alfvenic
point (~10-20 Solar radi1), information travels outward only.

— Equilibrium MHD solutions in the corona must allow waves to slosh back
and forth between the surface and the super-alfvenic point — Slower to
complete!

— Beyond the super-alfvenic point the solution is determined by information
propagating outward only — Faster to complete!

Solar wind codes set their inner boundary at 21.5 or 30 », which
greatly simplifies their inner boundary condition
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ENLIL (Odstrcil)
Ambient + Cone Model CME

e Adds a CME by inserting a blob of mass
emerging through the imner boundary

The cone model i1s based on the 1dea that
close to the Sun CME propagates with
constant angular and radial velocity, and

so has the shape of a cone.

No internal CME field

N POS
Vr
| inner bnd. t o
1
latcld ;
/
radcld |
I
I
I
|
& i
ok |
\__‘, i I I
loncld =il :
o :
to R & \\:
Earth

2016-09-15T00:00

Ecliptic plane

R=2.0AU

Normalized Solar Wind Number Density .
RZN (em™) IMF line
0o 10 20 30 40 50 60 il

ENLIL-lowres + a6b1 GONGb-WSAdu+Cone -CCMC

2016-09-15T00 + 0.00 days

HHHHH

N (cm?®)

5 10) EE Ut SRRSOt SUUUPUUTRPUUE SUPPRRPRURE SURPUPROOR
P4
0 T T T 1
15 16 17 18 19 20
2016-09
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