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Electron velocity distribution functions (VDFs) during
magnetic reconnection with negligible guide field from
particle in cell (PIC) simulations and Cluster observations
are studied to further understand electron acceleration and
heating. Our results reveal sub-regions of the temperature
profile from the electron diffusion region (EDR) to the
exhaust, each with its own highly structured VDF. Using
test-particle tracing, we discuss the acceleration and
heating mechanisms producing the VDF structures.
We apply our understanding to Cluster observations of
magnetotail electrons whose velocity-space structures are in
good agreement with the simulation predictions. The
electron heating is found to be around 2% mv,:? in
simulation and 5% myv,:? in magnetotail observation. The
heating coefficient can be roughly estimated with a
simplified EDR VDF, which depends on the electron
outflow speed.

Motivation and Context

¢ Electron bulk heating at dayside magnetopause reconnection AT,
was reported to be 1.7%m.v 2 [1].

* Exhaust electrons in anti-parallel reconnection were thought to be
mostly isotropic [2,3]. Recent simulation results revealed highly
structured VDFs developing from peak reconnection rate [4].
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Particle Tracing Results
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¢ |: rotating triangle, meandering motion + rotation around Bz, T, lerom v, acceleration;

¢ |I: perpendicular arcs + parallel elongation, further rotation + e~ from separatrix (Te,,1)

* I11: transition region, high-E e- |+ more isotropic + parallel elongation at low-E, high-E e- ejected (T, ) + PA
scattering + e crossing separatrix/bouncing back;

* |V: after transition In I, quasi-isotropic flat-top, PA scattering;

+ Off mid-plane on same field lines with 1V: inward beam, formed around separatrix, scattered at mid-plane [5];

+ \/: counter-streaming beams + high v, ring, less efficient PA scattering + acceleration;

+ Off mid-plane on the same field lines with V: counter-streaming beams with smaller v
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Origins of Highly Structured Distribution Functions in Magnetic Reconnection
Exhausts: Understanding Electron Acceleration and Heating
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Cluster magnetotail Observations

—
o
~N

Poi
C3 2002 08- 21/08 15:30

Point 3

(a)

SC1 e '&e\/)
EFLUX
PA 0-180 _
TE
s 9
keV/cm 2-s-sr-keV

Vpara (1 0%km/s) .
o

SC1

-10

A,

4 C3 2002-08-21/08: 15.4?32

SM13C-4169

|

04

ar

104 -0

H'V (kms™) GSM

1086420246810
Vperp (10%m/s) V (10%km/s)

——sH75-105
——aH 150-180

imsrms 10 10 (b)I S =
e—eH 150-180
@
102 £5
4
4 H — ’ =
4 1 0z - o g | £ 0
l. 0 p 0 r\_ 0
a 0.10
102> o2

ame Exhaust between separatrix and mid-plane (inward beam)

(-3 2002-08-21/08:15:29-08:15:33

w0* Im-U0 10

02

Point 6 Point 5
1 2002—08—21/08:15:521

o

()]

Vpara (1 0*km/s) B
o

(9, ]

-10

eitiiatonns it N0 Mo0.01
1086 420 2 46 810
Vperp (10%km/s) V (104km/s)

04 C1.2002-08-21/08:15:54

10* m10.00

1086420246810
Vperp (10%km/s) V (104km/s) Vperp (10%km/s) V

Exhaust close to piled-up region

1086420246810
V (10%km/s)

PSD 3
_PSD (s/km®) _
<, =1 =4

(=1
S

(c)

x
e
x

T,=36073eV
Tintegra=3407.0eV

10

100

1000 10000
E (eV)

Exhaust mid-plane far from piled-up region (flat-top)

C12002-08-21/08: 15 51-08:15:55

(dl) T T T :I'E?:;jggc ’_\10 (e)l T T T T EE?;U??; I 3 10 (f)
Jﬂ 2
2 E5 . 10 L =
\ 109 € ‘ 1.00,—.:'02 )
< O b3
- O - ‘ D E £}
s ‘) s 4 Z ol <=
g ‘|00 p 0 R : 10 D-TQ]OO L
N — ~ —_
z a
o 0.10
2 [a T
i M‘\\m 02|
-4 I -
107 -10 108001 4%

Tﬁ ~5873.2eV
Tinteara=5298.0eV

10

100

1000 10000
E(eV)

(bi-directional beam + h1gh Vperp population)

Point 8 Poin

: : . C1 2002 08- 21/08 14: 28 C1 2002 08- 21/08 14:30
ggégﬁugzi)sm 0816 0818 ' TEET n|o4ﬁm 105} =0 1070
£ . 1o ‘-006"‘]02- "',
£ 10° g“%m“'
R T R u R T e i IO” 107
: - - Vperp (104I:m/5) V (10%km/s) Vperp (10%km/s) V (104km/s)
+ Points 3-4 between separatrix and mid-plane, inward beam;
+ Points 5-6 close to the mid-plane, isotropic flat-top;
+ Points 7-8 close to the piled-up region, counter-streaming beams.
+ T, calculation . m| v, fd*v —m—
> PA distribution integration, "' ~ (2)k, J TEV = (Tpara + 2Ty )
» Maxwellian fitting with PA-averaged distribution
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+ Electron heating: lobe V,=3335 km/s, T~5500 eV (flat-top) AT = 47%mVAZ.

Our VDF model to derive the heating coefficient

* Previous VDF model with counter-streaming e at
Vi estimated e~ heating as 1/3m.v,2, = a low
heating coefficient 0.02% [9]

+ \We use a simple VDF model around EDR jet
» Meandering motion + rotation around Bz
» Semi-circle inv,-v,

» double-line at £0.1v,, (bounce at v;.)
» B along z

¢ T, from model
> T.,=0.20 mv,;?, T, ~0.89 mv,>=0.44 mV,,°
> T,~0.36 mv,; %, Heating coefficient 1.8%

¢ In simulation data
> T,.,,=0.20 va,o2 , T, =0.60 myV ;42
> T,~0.47 mv,,,?% Heating coefficient 2.4%

Vin
0.1 VAo
S 0 . N
> Vi ~ 0
0.1 VA d
-V,
VX

eating coefficient Al

mvs:,
depends on e bulk outflow velocity

(super-Alfvenic)

VX
Simplified VDF model around electron jet in EDR

mv
va,

=0.003+0.6

Conclusions

Electron heating is found to be ~2%m.v,.2 in simulation and ~5%m.v,.2 In magnetotail

observation

T, varies along x and z directions, corresponding to highly structured VDFs
»> T, peaks around the electron jet, and varies according to the meandering motion and

re-magnetization; T, dips and T, , peaks at the mid-plane;
» For later time, there Is a region outside EDR with isotropic and steady T,; VDFs are

flat-top at the mid-plane and with inward

beams off mid-plane.

» Closer to the B piled-up region, due to lack of PA scattering, VDFs show counter-

streaming beams with increasing spread (larger

T,,;) towards the mid-plane; VDFs

near the mid-plane have a distinct population with low v, and high v, which

Increases T,

Close to the B piled-up region, electrons with initial high v, are accelerated from
curvature drift, and electrons with initial high v, are accelerated from grad-B drift.
Heating coefficient can be estimated with simplified EDR VDF, depending on v

e,out
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