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Outline

* Introduction to the Vlasiator code
* Science being done using Vlasiator

. Magnetospheric Multiscale (MMS)

* lon acceleration at the bow shock AN
* Observations by MMS
 As seen in Vlasiator
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* Jlons are represented as a distribution function and follows Vlasov’s eq.

%f(r, v,t) +v-Vf(r,v,t) +aVf(r,v,t) =0

’ : Real Space (2D or 3D) Velocity Space (3D)
* Maxwell’s equations A
* Electrons are treated as a cold,
neutralizing fluid
. il'he electric field is closed by Ohm’s
aw
. VLNASIATeR

E=-V,xB+ —jxB

en;
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2D global simulation

Ax = 220 km
Av = 30 km/s




Ongoing science with Vlasiator
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Nightside auroral proton precipitation in Vlasiator
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At locations ry where the full VDFs are
saved, the precipitating proton
differential flux can be evaluated as a
function of energy E = m,v?/2 by

’U2

p

107! 10° 10'

.During active tail reconnection, virtual
spacecraft S1 observes short-lived bursts of
precipitation

.Integral energy flux of precipitation correlates
well with parallel plasma velocity (available
everywhere contrary to VDFs)

.Parallel velocity bursts cannot always be
traced back to current sheet, suggesting that
the transition region can regulate precipitation
bursts

Accepted paper: Grandin et al. (2019), Hybrid-Vlasov modelling of nightside
auroral proton precipitation during southward interplanetary magnetic field
conditions, Annales Geophysicae, https://doi.org/10.5194/angeo-2019-59.
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Dayside reconnection in 2.9D

When extended into the 3 dimension, the
reconnection line curves and becomes unsteady

t="752.01 s

RX rate

T M 0.4
0.3

0.2

N 0.1
6 Lsoo

(Phau-Kempf et al., in prep)



Bow shock structure

Hypothesis: A good metric for where the bow
shock is will minimize the path length of the
contour delineating the upstream and the
downstream.

Examples of quasi-parallel shock contour with
different required compression ratios np/Npsw
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Adding electrons to Vlasiator

Goal: understand the evolution

of the electron distribution Flux transfer event
functions with the Vlasov
simulation
Te K]

Simulations can be done both 18
globally and locally

16 1.0x 108
Challenges: resolve small =
spatial-temporal scales and 14
capture high velocity regions of N 1.0x107

VDF 12

10 1.0x 10°

(Brito et al., in prep.)



3D simulation of the
magnetosphere and solar
wind

Southward IMF

Adaptive mesh
refinement in 4 levels

Smallest resolution:
2250 km

DB: bulk.0000000.vIsv
Time:0

Cycle: 0

Pseudocolor

Var: proton/Temperature
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Collisionless shock waves

Supernova remnant shock

Planetary bow shocks

2000/02/27 01:54

Interplanetary shock waves

NASA

NASA/CXC/SAO

VsS4
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Earth’s bow shock

Shocks can be very efficient ion accelerators, e.g.

galactic cosmic ray

The Earth’s bow shock is the best collisionless
shock laboratory for in situ studies

But the bow shock is relatively weak, small, and
short lived

Goal: compare ion acceleration efficiency with
MMS and Vlasiator to SNR shock simulations by
(Caprioli & Spitkovsky, 2014, ApJ)
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Bow shock observations
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Number of events

Bow shock observations
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Example MMS shock crossings
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All downstream ion distributions
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“Shock drift
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Acceleration efficiency

Defined as: :
Total energy density Ug
25 1 1 1 1 v 1 1 1 1
° I
® |
1
1
N ! o i
g 20 LY e o : [ L %o
= 1
& o * o, Ge
= .. 1
5 15} ® ° ) : 7
3} °
= ° * %o
9 P r 1 o [ )
w 10 o ° °o ' ® o ° }
S ° 'e o ®
< o & © ! °
8 ° 00 ® o0 : ° (X
<°é e ¢ ) o o ® o‘: ®
S ".. . .’. .:.. :;.. ° ’
[ } 1 ®
0 1 1 1 1 : 1 1 & e d 1
0 10 20 30 40 50 60 70 80

Energy density above threshold _ UE>E;p,




iciency

Acceleration eff

UE>Ep,
U

Energy density above threshold
Total energy density

Defined as:

; s . .. g ” ..o
I ° oo oo . oo”o oo“.
® [ ] ® [ ] ’ ) ...
» ° ° .0
° .. ® oo ..&
» . ° ° e @ O° .
‘ ° 9 () 9
F—=-=-=-=-=-==== ° III.I IIIIIIII m IIIII .I.lel
B ° o © ‘o .' . .
e e ° .00 @& o
° ° ° ’ ° . .O *
° . (% .. o . o ‘.
n o ° e ., ° ’.o. -
. v ce e,
. v @°0 o O
° o ., ro o...
= LIPS ." o
° [ ) o
oooo.‘
3 e g2 w» o

o
Y
[94] Aoustore UOIRIS[EIDY

E>5E,,

90

o

o0

o

N~

o

©

o

o R
e
Q

o

<

o

(ep)

o

(a\]

o

b

o

E/E,



Acceleration efficiency

) Energy density above threshold Ug>E
Defined as: sy Y : = Lhr
Total energy density Ug

E/E,

90 25 1 1 1 1 i 1 1 1 1
I
80 :
20} ! l
70 NN 1
— |
160 & S RS :
= .o, 1
5 15} S C
150 — &E . T . . .
[eD) . 1 .
0= 8 R .
210 Lot .. . -
g e %® . ’ .o .
i) . P B RN . .. )
<QCO) Py C.er :.-. . Lot
5F ..-....- : . . i
° : Y '~: .,.: o . o S ° ° .
;°=...-°'5}~.-\'.0'-.,':- © L L
.,..: ° o e p | o' @ ..' . . e .
0 ' L+ '“—MM..—
0 10 20 30 40 50 60 70 80




Results

* Shock angle and Mach number are important for ion acceleration

* The acceleration efficiency at the bow shock is similar to simulations of larger shocks
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Mach number or spacecraft position?

Ordered after fast magnetosonic

Acceleration efficiency [%]
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Shock age

* Afield line connects to the bow shock at
Op, = 90° and then moves across the shock

* The position on the shock corresponds to
the age of the shock

Box-simulations show ion acceleration changing with shock age:
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(Caprioli & Spitkovsky, 2014, ApJ)
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lon acceleration and shock age

The bow shock seen from the Sun
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Shock age

* |[n 3D, there is no correlation
between spacecraft position
and age of the shock

* The age of the shock does not
seem to impact acceleration
efficiency
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Now to Vlasiator
My~7 My, ~5

Virtual spacecraft Downstream Downstream




Vlasiator results
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Vlasiator results

_3]

np [cm

t=900.0 s

6.0

E/E,,

20 =

o
!

..........

.,,/M//W/////

(T4l Z

o
A

X [RE]



Z [RE]

Vlasiator results
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Vlasiator results
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e Similar to MMS observations

e Somewhat lower acceleration
efficiency

* Again, no clear dependence
on shock age
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Summary

* The quasi-parallel bow shock is much more efficient at accelerating ions

* This can qualitatively be replicated in Vlasiator

* Up to 5-10% of the energy can go to energetic ions

 Quantitative match with simulations of SNR shocks
* Higher Mach number leads to more acceleration

* The time a field line has been connected to the bow shock is not
important for ion acceleration

* Limited size more important?
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SLAMS

U [keV/cm?]

BOW SHOCK

—— Suprathermal ions
—— Emergetic ions

- N W s

03:36:00

03:37:00

3E,,, < E < 10E,
E > 10E,



Local normal determination
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Acceleration efficiency [%]

Additional slides
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Additional slides
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Spectral slopes
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Preliminary Vlasiator results

Vlasiator is largely able to replicate the
observed ion distribution functions
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Sparse velocity grid

Not all veclocity space is represented in the memory
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