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Electron	  distribu)ons	  in	  asymmetric	  
reconnec)on	  

Diagram	  of	  expected	  electron	  trajectories.	  
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•  MS	  separatrices	  (a):	  Par)al	  loss	  of	  MS	  electrons,	  and	  
some	  incoming	  SH	  electrons.	  

•  OuWlow	  (b):	  Mixing	  of	  MS	  and	  SH	  electrons.	  
•  SH	  separatrices	  (c):	  SH	  electrons	  and	  escaping	  MS	  

electrons.	  
•  Ion	  Diffusion	  region	  (d):	  Trapped	  SH	  electrons	  and	  

reduced	  density	  of	  MS	  electrons.	  	   [e.g.,	  Graham	  et	  al.,	  2014].	  

Green	  solid	  –	  
background	  MS.	  
Green	  dashed	  –	  
background	  SH.	  

	  	  	  	  	  	  	  	  [Cf.,	  Tanaka	  et	  al.,	  2008;	  Egedal	  et	  al.,	  2011;	  
Graham	  et	  al.,	  2014].	  

Doaed	  –	  
Instrument	  one	  
count	  level.	  



Electron	  Pitch-‐angle	  distribu)ons	  

Electron	  
beam	  (SH	  
electrons)	  

−4 −2 0 2 4
−4

−3

−2

−1

0

1

2

3

4 θ = 0o

θ = 180o

lo
g 10

E 
[e

V]

log10E [eV]
 

 

lo
g 10

 D
EF

lu
x

5

5.5

6

6.5

7

7.5

8

Loss-‐cone	  

MS	  separatrix	  region	  

−4 −2 0 2 4
−4

−3

−2

−1

0

1

2

3

4 θ = 0o

θ = 180o

lo
g 10

E 
[e

V]

log10E [eV]
 

 

lo
g 10

 D
EF

lu
x

4.5

5

5.5

6

6.5

7

7.5

8

8.5

SH	  separatrix	  region	  

Loss-‐cone	  

Electron	  
beam	  

Escaping	  MS	  
electrons	  

−4 −2 0 2 4
−4

−3

−2

−1

0

1

2

3

4 θ = 0o

θ = 180o

lo
g 10

E 
[e

V]

log10E [eV]
 

 

lo
g 10

 D
EF

lu
x

5.5

6

6.5

7

7.5

8

8.5

9

Ion	  diffusion	  region	  

Parallel	  hea)ng/
bistreaming	  
electrons	  

Perpendicular	  
temperature	  
anisotropy	  of	  MS	  
electrons	  

−4 −2 0 2 4
−4

−3

−2

−1

0

1

2

3

4 θ = 0o

θ = 180o

lo
g 10

E 
[e

V]

log10E [eV]
 

 

lo
g 10

 D
EF

lu
x

4.5

5

5.5

6

6.5

7

7.5

8

Ou5low	  region	  (small	  guide	  field)	  

Isotropic	  MS	  
electrons,	  lower	  
density	  

Isotropic	  SH	  
electrons	  



Whistler	  emission	  -‐	  17	  April	  2007,	  C2	  

Whistler	  waves	  observed	  in	  the	  
MS	  separatrix	  regions.	  

	  

Whistler	  
emission	  

Mixing	  of	  MS	  and	  SH	  electrons	  in	  
MS	  separatrix	  regions.	  

vph	  ~	  30,000	  km/s.	  
Waves	  are	  right-‐hand	  circularly	  
polarized.	  
Waves	  propagate	  an)parallel	  to	  B,	  
toward	  X	  line.	  



Whistlers	  –	  blue	  interval	  

Large-‐amplitude	  ~	  20	  mV/m	  
electric	  fields.	  

EFW’s	  internal	  burst	  mode	  was	  
ac)vated,	  with	  9000/s	  sampling	  
rate.	  

Whistlers	  have	  packet	  
structure,	  which	  might	  be	  due	  
to	  linear	  growth	  at	  a	  range	  of	  f	  
and	  k.	  



Whistler	  genera)on	  
•  fe(E)	  modeled	  using	  
•  Linear	  dispersion	  rela)ons	  are	  found	  using	  WHAMP.	  
•  Loss	  of	  MS	  electrons	  propaga)ng	  away	  from	  the	  X	  line	  
generates	  the	  observed	  whistler	  waves.	  
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a small increase in magnetosheath electrons with E . 500 eV near ✓ = 0� and 180�. For

E & 500 eV, corresponding to magnetospheric electrons, T? > Tk and there is a significant

loss in electrons near ✓ = 0�. Figures 2d–2e show the same qualitative features for

E & 500 eV; however, for low E an intense beam of magnetosheath electrons aligned with

B is observed with E ⇡ 100 eV, corresponding to magnetosheath electrons propagating

away from the X line.

Figures 2g–2h show fe(E) in the magnetosheath separatrix during the green shaded

region in Figure 1. The distribution consists of both magnetospheric and magnetosheath

electrons.For E & 100 eV, fe(E) at ✓ = 0� is significantly below fe(E) at ✓ = 90� and

180�. The enhancement of fe(E) for ✓ & 90� is due to acceleration of sheath electrons,

and magnetospheric electrons following the reconnected field lines from the magnetosphere

to the magnetosheath separatrices. Therefore, the high-energy electrons popagate away

from the X line. For E . 100 eV, fe(E) is significantly larger at low ✓, corresponding to

low-energy electrons drifting toward the X line.

We model the electron distributions as a sum of bi-Maxwellian distribution functions
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where vk and v? are the parallel and perpendicular speeds and nj
e, v

j
th, v

j
d, and T j

k /T?

are the number density, electron thermal speed, drift velocity parallel (or antiparallel)

to B, and parallel to perpendicular temperature ratio, respectively, for the jth electron

plasma component. We model the observed asymmetry in fe(E) at ✓ = 0� and 180�

using a nonzero vd. To investigate the instabilities and mode properties predicted in the

separatrices we use the dispersion relation solver WHAMP [Rönnmark , 1982]. We use

the fits to the observed fe(E) in Figure 4 and |B| as the input parameters.
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Blue	  
Interval	  

Red	  
Interval	  

Solid	  –	  Parallel	  to	  B	  (away	  from	  X	  line)	  
Dashed	  –	  An)parallel	  to	  B	  (toward	  X	  
line)	  
-‐	  Dispersion	  rela)on	  
-‐	  Growth	  rate	  

Growth	  rate	  is	  
largest	  an?parallel	  
to	  B,	  consistent	  
with	  observa?ons.	  

Excellent	  agreement	  
between	  observa?ons	  
and	  linear	  theory.	  

o	  -‐	  data	  
Line	  -‐	  fits	  
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Table 3. Properties of the observed whistler waves and those predicted from linear

theory from the observed electron distributions.

Observed Linear theory

Event f(Hz) kk(m�1) �k(km) vph(km s�1) f(Hz) kk(m�1) �k(km) vph(km s�1)

17 April 2007 (blue) 775 1.1⇥ 10�4 55 4.3⇥ 104 740 1.7⇥ 10�4 37 2.7⇥ 104

17 April 2007 (red) 800 2.5⇥ 10�4 25 2.0⇥ 104 750 2.0⇥ 10�4 31 2.4⇥ 104

17 April 2007 (green) 350 4.3⇥ 10�4 15 5.1⇥ 103 470 5.7⇥ 10�4 11 5.2⇥ 103

22 April 2008 (blue) 1100 4.1⇥ 10�4 15 1.7⇥ 104 920 1.6⇥ 10�4 39 3.6⇥ 104
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Whistler	  emission	  –	  22	  April	  2008,	  C2	  

•  Whistlers	  observed	  in	  
separatrix	  regions,	  
with	  0.5fce	  <	  f	  <	  fce.	  

•  Whistler	  propagate	  
toward	  X	  line.	  	  

•  Qualita)vely	  similar	  to	  
17	  April	  2007.	  

	  Whistler	  emission	  



Electron	  distribu)ons	  and	  waves	  
	  	  Whistler	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Beam	  mode	  
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Dashed	  –	  An)parallel	  propaga)ng	  (toward	  X	  line)	  

•  Whistlers	  are	  generated	  by	  
loss-‐cone	  distribu)ons.	  

•  Beam	  mode	  waves	  are	  
produced	  by	  beams	  of	  
magnetosheath	  electrons.	  

•  Whistler	  and	  beam	  modes	  
only	  cross	  near	  k=0	  è	  modes	  
are	  independent	  of	  each	  
other.	  

Electron	  distribu)ons	  from	  the	  
blue	  shaded	  region.	  
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Table 2. Properties of the observed whistler waves and those predicted from linear

theory from the observed electron distributions.

Observed Linear theory

Event f(Hz) kk(m�1) �k(km) vph(km s�1) f(Hz) kk(m�1) �k(km) vph(km s�1)

17 April 2007 (blue) 775 1.1⇥ 10�4 55 4.3⇥ 104 740 1.7⇥ 10�4 37 2.7⇥ 104

17 April 2007 (red) 800 2.5⇥ 10�4 25 2.0⇥ 104 750 2.0⇥ 10�4 31 2.4⇥ 104

17 April 2007 (green) 350 4.3⇥ 10�4 15 5.1⇥ 103 470 5.7⇥ 10�4 11 5.2⇥ 103

22 April 2008 (blue) 1100 4.1⇥ 10�4 15 1.7⇥ 104 920 1.6⇥ 10�4 39 3.6⇥ 104

Table 3. Properties of the observed whistler waves and those predicted from linear

theory from the observed electron distributions.

Observed Linear theory

Event f(Hz) kk(m�1) �k(km) vph(km s�1) f(Hz) kk(m�1) �k(km) vph(km s�1)

22 April 2008 (blue) 1100 4.1⇥ 10�4 15 1.7⇥ 104 920 1.6⇥ 10�4 39 3.6⇥ 104
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Electrosta)c	  waves	  
•  Electrosta)c	  waves,	  in	  par)cular,	  electrosta)c	  
solitary	  waves	  (ESW)	  are	  associated	  with	  
reconnec)on.	  	  

•  They	  can	  couple	  different	  par)cle	  popula)ons	  and	  
can	  produce	  resis)vely.	  	  

•  They	  can	  be	  produced	  by	  different	  instabili)es:	  
beam-‐plasma,	  Buneman,	  lower-‐hybrid,	  &c.	  
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ESWs	  -‐	  28	  April	  2006,	  C4	  
•  ESW	  and	  ES	  wave	  speeds	  are	  

observed	  near	  current	  sheet.	  	  
•  Different	  )me	  delays	  observed	  è	  

different	  speeds.	  	  
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Wave	  proper)es	  
•  Wave	  speeds	  are	  
calculated	  using	  cross-‐
spectral	  analysis.	  	  

•  ESWs	  and	  ES	  waves	  
have	  dis)nct	  dispersion	  
rela)ons.	  	  

•  Speeds	  are	  dis)nct,	  but	  
waves	  propagate	  in	  the	  
same	  direc)on.	  

ESWs:	  v	  =	  650	  km/s,	  lpp	  =	  9	  λD,	  φ	  =	  0.7	  V,	  vT	  =	  500	  km/s.	  
ES	  waves:	  v	  =	  200	  km/s,	  λ/2	  =	  13	  λD,	  φ	  =	  0.3	  V,	  vT	  =	  	  300	  km/s.	  
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ESWs	  -‐	  20	  March	  2008,	  C4	  

•  ESWs	  and	  ES	  waves	  are	  
observed	  near	  a	  current	  
sheet	  associated	  with	  
reconnec)on.	  

•  Waves	  have	  dis)nct	  )me	  
scales.	  
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Wave	  proper)es	  
•  Four	  dis)nct	  dispersion	  
rela)ons	  are	  found.	  

•  Waves	  have	  dis)nct	  
speeds	  and	  propaga)on	  
direc)ons.	  

•  Suggests	  dissipa)on	  
occurs	  over	  a	  wide	  range	  
of	  par)cle	  energies.	  	  
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Sta)s)cs	  of	  ESWs	  

•  Large	  range	  of	  wave	  
speeds	  observed.	  	  

•  Length	  scales	  depend	  
weakly	  on	  plasma	  
condi)ons.	  

•  	  Average	  peak-‐to-‐peak	  
length	  scale	  =	  9	  λD.	  
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Wave	  amplitudes	  and	  poten)als	  
Poten)als	  versus	  ne	  and	  Te.	  
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 B = 40 nT

•  ESW	  fields	  decrease	  as	  plasma	  
become	  more	  weakly	  magne)zed.	  

•  ESWs	  must	  sa)sfy:	  
	  	  	  	  	  	  	  or	  equivalently:	  	  
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the stable region, they should be able to trap electrons, enabling the formation of ESWs.460

Finally, we note that ESW speed can modify the region of stable ESWs. In particular,461

as the ESW speed increases the minimum allowed length scale will increase [Chen et al.,462

2005]. However, this constraint only becomes significant for v > v

e

, so for the ESWs we463

observe with v < v

e

, this constraint has negligible e↵ect on the allowed length scales.464

The fact that almost all observed q

e

�

ESW,ES

/k

B

T

e

are well below the predicted maximum465

value suggests that there are additional constraints on the values of q
e

�

ESW,ES

/k

B

T

e

. In466

particular, the ESWs were observed in weakly magnetized plasmas. This means that467

the electron motion perpendicular to B could be important. For the ESWs observed at468

the magnetopause and in the magnetosheath the electron Larmor radius ⇢

e

is typically469

larger than the observed l

pp

and could be comparable to l

r

. Therefore, the trapped470

electrons supporting the ESW potentials could escape in the directions perpendicular471

to B, decreasing � and limiting the ESW lifetime. ESWs with larger � may be more472

unstable e↵ectively reducing the maximum allowed �. For example, in the two-dimensional473

simulations of Mottez et al. [1997], the large amplitude ESWs that initially develop are474

unstable, whereas the lower amplitude ESWs, which develop later, are much more stable.475

We now investigate how the magnitude of B constrains the amplitudes and length scales476

of ESWs. Muschietti et al. [2000] showed that for !

b

> ⌦
ce

ESWs become unstable to477

instabilities perpendicular to B, where !

b

is the angular bounce frequency. In contrast478

for !

b

< ⌦
ce

ESWs remain relatively stable. Multi-dimensional simulations show that479

once this perpendicular instability develops the ESWs are rapidly dissipated [Muschietti480

et al., 2000; Umeda et al., 2006; Wu et al., 2010]. Therefore, we propose that !
b

< ⌦
ce

is481

a necessary condition for ESW stability. For small oscillations around the center of the482
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ESW potential [equation (6)]483

!

b

⇡
s

4q
e

�

ESW

m

e

l

2

pp

. (9)

The condition !

b

< ⌦
ce

can then be written is484

�

ESW

.
q

e

B

2

l

2

pp

4m
e

. (10)

Using equation (7) we can rewrite equation (10) as485

E

pp

. e1/2q
e

B

2

l

pp

m

e

(11)

to compare directly with observations. Equations (10) and (11) predict that as B decreases486

the values of �
ESW

and E

pp

decrease, and for a fixed B higher �
ESW

and E

pp

can develop487

for larger l
pp

. Since l

pp

/�

D

does not depend strongly on T

e

and n

e

, higher �
ESW

and E

pp

488

can develop in magnetospheric plasmas than in the magnetosheath.489

In Figure 8b we plot E

pp

versus l

pp

and �/2 for ESWs and ES waves. We also plot490

equation (11) for B = 20 nT and 40 nT, which are close to the mimimum and the mean491

observed values of B in our survey, respectively. Figure 8b shows that all ESWs satisfy492

equation (11) for B = 40 nT, and very few ESWs exceed the threshold for B = 20 nT.493

Therefore, the formation of ESWs is consistent with the constraint !
b

< ⌦
ce

. We also find494

that most ESWs have E
pp

well below the threshold. The further E
pp

is below the threshold,495

the more stable ESWs should be. So we expect these ESWs to remain stable over longer496

time scales. For weakly magnetized plasmas, in particular, in the magnetosheath, this497

will restrict the maximum q

e

�/k

B

T

e

to values well below the thresholds predicted by498

Chen et al. [2005]. When the plasma is more strongly magnetized, i.e., when the plasma499

is primarily magnetospheric, !
b

< ⌦
ce

is more easily satisfied and the maximum q

e

�/k

B

T

e

500

should be determined by the predictions of Chen et al. [2005]. The ES waves are typically501
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[see	  Muschiev	  et	  al.,	  2000]	  



Conclusions	  
•  Whistler	  emission	  is	  observed	  in	  the	  separatrix	  
regions	  of	  reconnec)on.	  Produced	  by	  loss-‐cone	  
distribu)ons	  and	  propagate	  toward	  the	  X-‐line.	  

•  ESWs	  and	  ES	  waves	  are	  observed	  in	  the	  separatrix	  
regions,	  near	  the	  ouWlows,	  of	  reconnec)on.	  	  

•  ESWs	  are	  observed	  with	  dis)nct	  speeds.	  
Dissipa)on,	  hea)ng,	  and	  scaaering	  can	  occur	  over	  a	  
wide	  range	  of	  par)cle	  energies.	  	  





ESWs	  again	  
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OuWlows	  for	  whistler	  events	  
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SH	  separatrix	  whistlers	  

SH	  separatrix	  distribu)on	  and	  
associated	  whistler	  waves	  
(green	  shaded	  region).	  	  
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Table 2. Properties of the observed whistler waves and those predicted from linear

theory from the observed electron distributions.

Observed Linear theory

Event f(Hz) kk(m�1) �k(km) vph(km s�1) f(Hz) kk(m�1) �k(km) vph(km s�1)

17 April 2007 (blue) 775 1.1⇥ 10�4 55 4.3⇥ 104 740 1.7⇥ 10�4 37 2.7⇥ 104

17 April 2007 (red) 800 2.5⇥ 10�4 25 2.0⇥ 104 750 2.0⇥ 10�4 31 2.4⇥ 104

17 April 2007 (green) 350 4.3⇥ 10�4 15 5.1⇥ 103 470 5.7⇥ 10�4 11 5.2⇥ 103

22 April 2008 (blue) 1100 4.1⇥ 10�4 15 1.7⇥ 104 920 1.6⇥ 10�4 39 3.6⇥ 104
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