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energy in the calculations is 0.35 eV and is not marked in the� gure. Straight lines correspond to zero parallel
particle velocity; they separate the particles that will be re� ected below the correspondingB(s) from the par-
ticles that can be found above this position. It is assumed that the black lines corresponding to differentsdo
not intersect each other. The PS of the escaping particles is restricted by theE axis, upper blue and the red
lines. To be able to overcome the potential jump�� U � � L�, the electrons should have energy larger than this
difference when compared to the particles able to reach the position with the potential� L. Re� ected particles
at B(s) are the particles able to go beyond this position excluding those that are able to escape. All particle
distributions are assumed to be independent of� .

Expressions for the electron density and� ux at a point salong the magnetic� eld line are

n ¼
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j ¼
2� B sð Þ

m2 � f Eð ÞdEd� (A2)

where f(E) is the distribution function, m is the mass of the particle, and� (s) is the potential at the points.
The integration domain is de� ned by the portion of the PS of the injected particles that can reach the position
of interest. For the injected photoelectrons, the density above the point of injection can be presented as
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where E0 = � e� /(1 � b�) is the energy of the point of intersection between the red and black lines, and the
distribution function is expressed through the� ux. If the lower limit of integration is less thanEmin it should
be changed toEmin. For the re� ected photoelectrons the following expression is found
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where the energy at the point of intersection of the upper blue and the red lines isE* ¼ � e� U

1� b�* with b* = B(s*)/

B(0), and E1 ¼ e� b*� e� U b
b� b* .

Substitutingb = 1 and � = 0 in equations (A3) and (A4), the density at the ion injection point can be calcu-
lated. The photoelectron densities below and above the jump can be found by settingb = b*, and� = � L and
� = � U in these equations, respectively.

The density of the trapped photoelectrons at the upper boundary is estimated as follows (Are� ev &
Breizman, 2009). The motion of a particle with a magnetic moment� along a� eld line can be considered
as a motion in the� eld with an effective potential ofUeff= � B � e� . Because we assume that particles above
the jump are not re� ected, this potential has a maximum at the upper boundary, and further out the� rst
term diminishes (due to diminishingB), while the second term does not grow. Particles with energies slightly
larger than this maximum will be re� ected by the rarefaction wave above the upper boundary with smaller
energy and form the trapped population. So the trapped particles are the injected particles with� = E/B0,
and they � ll the PS domain between the red line and the continuation of the upper blue line. More details
of the calculation of ntr

ph can be found in the paper by Are� ev and Breizman (2009). The density of

the trapped particles is
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The escaping photoelectron� ux at s = 0 is calculated from equation (A2) with integration over the PS
domain of the escaping particles
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A3. Cold Electron Densities and Flux

The PS of the cold electrons is the same as that in Figure A1, except thatEm � � . For cold electrons with a
Maxwellian distribution

f ¼ 2n0c
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(n0c is the density of the injected particles) from equation (A1) or equations (A3) and (A4), it follows that the
expression for the total cold electron density
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Hereer� (z) is the imaginary error function and erf xð Þ ¼2���
�
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x

0e� t2
dt. For s= 0 the term with
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p
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and� = 0; for the density below the jumpb= b*, � = � L, and the term with the� rst square brackets vanishes;
above the jump the re� ected particles vanish and the density is
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The escaping� ux of the cold electrons can be found substituting the distribution of the cold electrons in the
expression for the� ux presented above (see (A2))
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A4. Polar Rain Densities and Flux

The distribution function for the polar rain injected at the upper side of the jump is taken as

f ¼ 2nUpr
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wherenUpr is the density of downward injected particles. The PS of these electrons (Figure A2) is� lled above
the upper blue line. Particles from the part of the PS between theE axis, upper blue line, and the black line
above their intersection are the particles able to reach the position, where the potential is� (s). The part of
this PS domain restricted by theE axis and the red line belongs to the particles able to go belows= 0, that
is, escaping particles. Particles re� ected below the position with potential� (s) are the particles of the PS
above the upper blue line between the black and red lines. It is assumed that when� e� diminishes the inter-
section point 2 moves toward point 1. The calculated polar rain electron density can be expressed as
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whereerfcx xð Þ ¼ex2
1� erf xð Þð Þanddawson zð Þ ¼

���
�

p

2 e� z2
erfi zð Þ. For the polar rain density ats= 0 (b = 1, � =

0) the second term and the last Dawson function vanish; below and above the jump (b = b*, � = � L, � = � U)
the term with the square brackets vanishes.
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whereg = 981 cm/s2, r0 = rE + 2,400 km is the position of the injection point, andrE is the Earth radii. We
expect the potential to be positive and grow until the jump and then to drop at the jump. The injected ions� ll
the domain of PS between theE axis and the red line. Particles above the upper blue line are able to escape; it
is assumed that the black lines corresponding to differentsdo not intersect each other. The calculated oxy-
gen ions density for a positions is

nO sð Þ ¼ n0O

(

�

�����������
b

b* � 1

r

e
� E2

T erfi

������������������
E2� � Lð Þ

T

r !

� erfi

��������������������������������

E2�
� L

1� b*

	 

=T

s !" #

þ e� � =T 1 þ erf
����������������������
� L� �ð Þ=T

p� �h i
�

����������
1� b

p
e� �

1� bð ÞT 1 þ erf

������������������������������������
� L

1� b* �
�

1� b

	 

=T

s !" #)

(A12)

wheren0O is the oxygen density ats= 0, � L is the total potential calculated below the jump atb = b*, andE2

¼ � Lb� � b*

b� b* . For s = 0 (b = 1, � = 0) the last term with the square brackets and the second term in the� rst
square brackets vanish; on the lower boundary of the jump,s = s* (b = b*, � = � L) and only the terms in
the square brackets remain. The density at the upper side of the jumps= s* (b = b*, � = � U) cannot be cal-
culated from equation (A12) directly, because the formula is found under an assumption of a potential grow-
ing with s. This density should be calculated by integration over PS above the upper blue line, and it can be
presented as
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The escaping oxygen� ux is
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A6. Hydrogen Ions Densities and Flux

It is assumed that the total potential of the hydrogen ions is dominated by the polarization� eld and is nega-
tive everywhere above the injection point. It means that the PS of injected particles is the same as in
Figure A3, that is, restricted by theE axis and the red line, but the black line will move to larger negative
potentials for largers. All injected particles are able to escape, and the domain of integration is the total
PS� lled by the injection. With the prescribed injected hydrogen� ux, taken as a fraction of the injected
photoelectron� ux, the hydrogen ions� ux and density,n0H, at s= 0 are known. The density of the hydrogen
ions for an arbitrary s is
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and the densities atb = b*, below and above the jump, can be found from (A13), setting� equal to � L

and � U, respectively.� here is taken for the hydrogen ions.

A7. Validity of the Model

Calculating the polar rain densities (Figure A2), we required that when� e� diminishes the intersection
point 2 moves to point 1. This means that the domain of integration (E axis, blue line�black line) is � lled
by particles and does not include portions of the PS from which the injected particles were re� ected closer
to the injection point. A similar restriction is imposed on the particles injected from below and states that
the black lines in Figures A1 and A3 should not intersect each other. This condition can be formulated as
E0(s) < E0(s�), where s < s�, and it is less restrictive than the second inequality in equation (1). In the
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range of the studied plasma parameters the restriction on the polar rain is always satis� ed. For the photo-
electrons, cold electrons, and oxygen ions for smallb (b < 0.1, where the oxygen content is small) the restric-

tion is slightly violated, but the deviation is small,E0j j
E0

<5%, and will only slightly affect the cold electrons and

oxygen density distributions and the potential distribution below the jump.
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range of the studied plasma parameters the restriction on the polar rain is always satisfied. For the photo-
electrons, cold electrons, and oxygen ions for small b (b < 0.1, where the oxygen content is small) the restric-
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