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The ambipolar diffusion approximation is used to
model partially ionized plasma dynamics in a single-
fluid setting. To correctly apply the commonly used
version of ambipolar diffusion, a set of criteria
should be satisfied including the requirement that
the difference in velocity between charges and
neutral species (known as drift velocity) is much
smaller than the thermal velocity, otherwise the
drift velocity will drive a non-negligible level of
further collisions between the two species. In this
paper, we explore the consequences of relaxing
this assumption. We show that a new induction
equation can be formulated without this assumption.
This formulation reduces to the ambipolar induction
equation in the case the drift velocity is small.
In the large drift velocity limit, the feedback
of the drift velocity on the collision frequency
results in decreased diffusion of the magnetic field
compared with the standard ambipolar diffusion
approximation for the same parameters. This has a
natural consequence of reducing the frictional heating
that can occur. Applying this to results from flux
emergence simulations where the expansion of the
magnetic field leads to strong adiabatic cooling of
the partially ionized chromosphere resulted in a
noticeable reduction in the magnitude of the predicted
drift velocities.
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1. Introduction
In many astrophysical systems (e.g. stellar atmospheres, jets from young stellar objects and
protoplanetary discs), the conditions are such that there is insufficient energy to fully ionize
the plasma. Therefore, the majority of the fluid is composed of neutral species. So even though
magnetic fields are recognized as being crucial in driving dynamics in these systems, under these
conditions, most of the species do not directly feel the Lorentz force of the magnetic field. As a
consequence, charged and neutral species feel different forces. This drives a drift in the velocity
between these different species [1–4]. These physical processes are found to be important in a
wide range of astrophysical plasmas [5].

This drift between the charged and neutral species means that when the particles collide,
momentum is transferred between the plasma and neutral fluids. Over time, this results in the
momentum being redistributed such that the two fluids move together. The collisions of the
particles as they drift past each other can result in frictional heating, meaning that the coupling
process can be dynamically important for energy dissipation [6].

In situations where the dynamics of the neutrals and the ions happens at sufficiently high
frequency the neutrals and charges can act as separate fluids; an example of this will be in the
rapid transitions of physical properties found in two-fluid shock fronts [7]. However, in many
cases, the fluid is sufficiently coupled to be treated approximately as one fluid, but with the drift
between species taken into account via a modified Ohm’s Law. In this situation, the induction
equation becomes [3,8]

∂B
∂t

= ∇ ×
(

v × B + ηAMB
(J × B) × B

B2

)
. (1.1)

There are a number of approximations that go into this diffusion approximation. The key ones
are [8]:

— The changes in the drift velocity occur at low frequency.
— The temperature of the neutrals and the plasma is the same.
— The magnitude of the drift velocity is much smaller than the thermal velocity.

Of these approximations, it is worth highlighting the final in this list. This is an often forgotten
part of the approximations made when calculating the collision frequency. Investigating the
relaxation of this assumption is the key goal of this paper.

In a low-β regime (where plasma β is the ratio of gas to magnetic pressure), it is possible there
will develop a strong Lorentz force that drives a large enough drift velocity that the associated
speed becomes greater than the plasma thermal velocity. Large velocity drifts, evidenced by
the magnitude of the ambipolar diffusion term, have been observed in simulations of magnetic
flux emergence [9,10]. These calculations have shown that the inclusion of ambipolar diffusion
drastically changed the rate at which the magnetic flux emerged through the solar chromosphere
due to the significant magnitude of the diffusion. Similarly large ambipolar terms are found in
the chromosphere modelling simulations [11–13]. In these calculations, large velocity drifts were
found to develop in the partially ionized chromosphere, including in relation to magnetic flux
emergence and spicule dynamics. With these large velocity drifts significant heating was found.
However, when ambipolar diffusion gets large, and with it large velocity drifts are present in
simulations, there is the possibility that at least the third of the assumptions behind the ambipolar
diffusion approximation are invalidated.

To go beyond the first two of the listed approximations requires multi-fluid modelling. For the
final of these approximations, we can include the role of super-thermal drift into the ambipolar
diffusion approximation. In this paper, we take advantage of the very accurate approximation
that has been developed for the collision frequency [14,15] and change in collision cross-section
[16] to model the large drift velocity limit to present an extension to the ambipolar diffusion term
that allows it to hold for drift velocities greater than the thermal velocity.
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2. Determining the collisional velocity
Our first step is to look at the two-fluid momentum equations, so that we can then simplify this
into a single-fluid model. These are

ρn
Dvn

Dt
= −∇pn − ρng − α(vD, Tn, Tp)ρnρpvD (2.1)

and

ρp
Dvp

Dt
= −∇pp + 1

c
J × B − ρpg + α(vD, Tn, Tp)ρnρpvD, (2.2)

where vD = vn − vp. By dividing equation (2.1) by ρn and equation (2.2) by ρp then subtracting
the latter from the former approximately leads to this equation

DvD

Dt
= 1

ρp
∇pp − 1

cρp
J × B − 1

ρn
∇pn − α(vD, Tn, Tp)(ρn + ρp)vD. (2.3)

The parameter α when multiplied by a density gives a collision frequency, where these collision
frequencies can either be calculated from hard-sphere collisions between particles or through
effective collisions driven by charge exchange. For these two different effects, α takes slightly
different forms. When looking only at hard-sphere collisions, α is given in [14,17]

α ≈ 1
mn + mp

8
3

√
2kBTr

πmr

(
1 + 9πs2

64

)1/2

Σpn(vD, Tn, Tp), (2.4)

where

Tr = mpTn + mnTp

mn + mp
, (2.5)

mr = mnmp

mn + mp
, (2.6)

s = vD

(
2kBTr

mr

)−1/2
(2.7)

and vD = |vD| = |vn − vp|. (2.8)

Here Σpn(vD, Tn, Tp) is the collision velocity-dependent cross-section (see, for example, [18] for
details on the collision velocity dependence) with Σpn = Σnp. If one is only interested in a
hydrogen plasma, as we use in the investigations later in this work, we can take mn = mp = mi,
where mi is the mass of a proton.

For charge exchange (in this case for hydrogen proton charge exchange), an equivalent form is
used [15]

α ≈ 1
mp

8
3

√
2kBTr

πmr

(
1 + 9πs2

64

)1/2

ΣCX(vD, Tn, Tp). (2.9)

For the two different equations for α, there are two key differences. Firstly, this is that the
cross-section for hard sphere collisions and charge exchange are different. Secondly, the factor
1/(mn + mp) in equation (2.4) becomes 1/mp in equation (2.9). Note that in the literature there are
other forms used for α when charge exchange is considered [19–23]. As shown in figure 1, the
approximation used in their works (solid green line), and the one adopted in ours (dashed blue
line) gives to very high level of accuracy the same dependence of α/Σ for different drift velocities
with at most 2% difference between the two models.

3. Calculating vD in the strong coupling limit
In this section, for simplicity, we assume that the cross-section is independent of the drift velocity
(many models take the collisional cross-section to be a constant, for example). We will look later
at how the requirement for the cross-section to be independent of the drift velocity can be relaxed.
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Figure 1. Plot ofα/Σ (in units of cm s−1) againstvD with T = 8000 K for the approximation shown in equation (2.4) (dashed
blue line) and for the model applied in [19–23] for charge exchange (solid green line).

Here, we will use the form of α suitable for hard sphere collisions, but it is trivial to rework these
derivations to take charge exchange as the principle momentum transfer process into account.

The key assumption of ambipolar diffusion comes from the strong coupling limit which
implies that the time derivative of the drift velocity is negligible and that the temperatures of the
fluids must all be the same. By assuming, for simplicity of the presentation of the mathematics,
that we are dealing with a hydrogen fluid (e.g. mp = mn), this leads to

ρT
1

2mp

8
3
√

π

√
4kBT
mp

(
1 + 9πs2

64

)1/2

Σpn(T)vD = −Fp

ρp
+ Fn

ρn
, (3.1)

where we have taken (as is usual in the ambipolar diffusion formulation) that Tp = Tn = Tr = T,
Fn and Fp are denoting the force terms from the RHS of equations (2.1) and (2.2), respectively, and
taking that ρT ≡ ρp + ρn. This can be written as(

1 + 9πs2

64

)1/2

sv̂D = −XF̂ρ , (3.2)

where

Fρ ≡ 1
ρp

Fp − 1
ρn

Fn (3.3)

and with

X = 2mp

ρT

3
√

π

8

(
4kBT
mp

)−1
Σpn(T)−1|Fρ |, (3.4)

and the hat symbol denotes a unit vector implying

v̂D = −F̂ρ . (3.5)

Squaring both sides of equation (3.2), we can write the following quadratic in s2:

9π

64
s4 + s2 − X2 = 0. (3.6)

This gives the following solution for s2 (noting that s2 ≥ 0):

s2 = 32
9π

(√
1 + 9π

16
X2 − 1

)
. (3.7)
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Figure 2. Plot of s for a drift-velocity independent cross-section against X (red line) as given by equation (3.8). The two limits,
small X limit (dashed line) with s= X which is equivalent to the standard ambipolar diffusion approximation and large X limit
(dash-triple dot line), are also plotted.

Therefore, s is given by

s =
√√√√ 32

9π

(√
1 + 9π

16
X2 − 1

)
. (3.8)

As such, our velocity drift is given by

vD = −
√√√√ 32

9π

(√
1 + 9π

16
X2 − 1

)√
4kBT
mp

F̂ρ . (3.9)

Figure 2 shows the variation of s against X (red line). The dashed line shows the curve expected
for s when X2 is taken to be small, and the triple-dot-dashed line shows the curve for s when X2,
and with that the magnitude of Fρ , is assumed to be large. The derivation of these two limits is
explained in the rest of the subsection. It is clear that as X becomes greater than 1 the value of s
strongly diverges from that of the small-force limit.

(a) The ambipolar diffusion approximation in the Lorentz force dominant limit
Generally, for ambipolar diffusion in many astrophysical systems, the largest term on the RHS of
equation (3.1) is the one given by the Lorentz force. In this limit, the drift velocity is given by

vD = −vD
J × B
|J × B| . (3.10)

Using this drift velocity, the induction equation can be rewritten in terms of the neutral velocity

∂B
∂t

= ∇ × (vp × B) = ∇ × (vn × B − vD × B) (3.11)

= ∇ × (vn × B) + ∇

×
⎛
⎝
√√√√ 32

9π

(√
1 + 9π

16
X2 − 1

)√
4kBT
mp

(
J × B
|J × B|

)
× B

⎞
⎠ . (3.12)
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An alternative way of formulating these equations can be to put the system into the centre-of-mass
reference frame [3] which gives

∂B
∂t

= ∇ × (vp × B) = ∇ × (vCM × B − ξnvD × B) (3.13)

= ∇ × (vCM × B) + ∇ ×
⎛
⎝ξn

√√√√ 32
9π

(√
1 + 9π

16
X2 − 1

)

×
√

4kBT
mp

(
J × B
|J × B|

)
× B

)
. (3.14)

For the rest of the paper, we will focus on the neutral frame-of-reference, but as can be seen
everything we present here can be easily adapted for systems where the centre-of-mass frame of
reference is more appropriate.

(i) Small-force limit

Here we look at into the behaviour of the drift velocity and how it connects to formulations of the
induction equation, and the evolution of the magnetic field this allows. To do this, it is informative
to look at the formulation for vD in the limits of small and large Lorentz force.

The first limit we investigate is the limit of small forces, which can be described as the situation
where

1 � 9π

16
X2. (3.15)

In this limit, we can perform a Taylor expansion, truncating at first order, and on substitution into
equation (3.10), we find

vD = −X
(

4kBT
mp

)1/2 J × B
|J × B| , (3.16)

= − 2mp

ρ2
TξpΣpn(T)

3
√

π

8

(
4kBT
mp

)−1/2 1
c

J × B, (3.17)

which is equivalent to s = X. This is the formulation we would have expected if we had made the
assumption of small drift velocity in the original derivation. In this case equation (3.11) becomes:

∂B
∂t

= ∇ ×
(

vn × B + 2mp

ρ2
TξpΣpn(T)

3
√

π

8

(
4kBT
mp

)−1/2 1
c

(J × B) × B

)
, (3.18)

= ∇ ×
(

vn × B + ηAMB
(J × B) × B

B2

)
. (3.19)

(ii) Large-force limit

An alternative limit to investigate, and one that takes our analysis into a regime that is not
accessible to standard ambipolar diffusion scenarios, is the limit where the forces on the system
are large, which implies we can have large velocity drifts. We can simply state this as the regime
where

1 �
√

9π

16
X. (3.20)

In this case,

vD = −
√

4kT
πmp

√
8X

3
√

π

J × B
|J × B| , (3.21)

= −
√

2mp

πρ2
TξpΣpn(T)

1√
c

J × B√
|J × B| , (3.22)
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which again can be derived from equation (3.1) in this case setting X � 1 in equation (3.8) resulting
in s =

√
8X/3

√
π . As we can clearly see, in this limit the velocity drift scales as

√
|J × B| instead of

|J × B| for the small-force limit. In this limit, the induction equation becomes

∂B
∂t

= ∇ ×
(

vn × B +
√

2mp

πρ2
TξpΣpn(T)

1√
c

J × B√
|J × B| × B

)
. (3.23)

(b) Consequences for ambipolar diffusion heating
Based on the summation of the two-fluid internal energy equations [3], the change in the total
internal energy (as relevant for a single-fluid energy equation) as a result of frictional heating (H)
is given by

H = α(vD, T)ρ2
Tξpξnv2

D, (3.24)

= ρ2
Tξnξp

mp

128
27

(
4kBT
πmp

)3/2
Σpn(T)

× 1√
2

⎛
⎝1 +

√
1 + 9πX2

16

⎞
⎠

1/2 ⎛
⎝
√

1 + 9πX2

16
− 1

⎞
⎠ , (3.25)

where
1

γ − 1
∂p
∂t

= H, (3.26)

when there is only frictional heating in the system and p = pn + pp. If we take

Y(mp, ρT, ξn, ξp, T) = ρ2
Tξnξp

mp

128
27

(
4kBT
πmp

)3/2
Σpn(T), (3.27)

then we can write this as

H = 1√
2

Y

⎛
⎝1 +

√
1 + 9πX2

16

⎞
⎠

1/2 ⎛
⎝
√

1 + 9πX2

16
− 1

⎞
⎠ . (3.28)

Again we can look at the different limits, first taking the limit of small X2. This gives

H = Y
9π

32
X2 (3.29)

= mpξn

ρ2
Tξp

3
√

π

4

(
4kBT
mp

)−1/2
Σ−1

pn

∣∣∣∣1c J × B
∣∣∣∣2 (3.30)

Alternatively, in the large force limit

H = Y√
2

(
9π

16

)3/4
X3/2 (3.31)

= 4
(

3
2

)3/2
ξn

(
mp

ρ2
Tξp

)1/2

Σ
−1/2
pn

∣∣∣∣1c J × B
∣∣∣∣3/2

. (3.32)

Therefore, when the Lorentz force in the system is small the heating scales with |J × B|2. However,
for large Lorentz force the heating then scales as |J × B|3/2. Though not as extreme a difference
as the velocity difference scaling (and with it the magnitude of ambipolar diffusion) with |J × B|
changing to |J × B|1/2. But this still illustrates an important consequence: in low-β systems the
heating rates that are calculated using the standard ambipolar diffusion approximation for single-
fluid models (i.e. the small force limit of this paper) can easily be an overestimate if the role of
velocity drift in driving collisions is neglected.
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4. Beyond a constant cross-section
The previous example looked at a fluid with only a single species (nominally hydrogen but the
analysis would apply to any species), and where the collisional cross-section was independent of
velocity drift. In this section, we present an extension to this model.

(a) Investigating the role of a non-constant collisional cross-section
Until now, we have worked on the assumption that the collisional cross-section is independent
of the drift velocity. However, this is not going to be the case. For example, in the case of charge
exchange, the cross-section for neutral-proton interactions can be approximated by the form [20]

ΣCX = 1.12 × 10−14 − 7.15 × 10−16 ln
(vCOLL

100

)
cm2, (4.1)

with

vCOLL =
√

16kT
πmp

+ v2
D, (4.2)

note this form for the cross-section is taken as a fit to data [16] with the accuracy of the fit estimated
as 10%. Looking at this form, it is clearly awkward to manipulate algebraically, so if we return to
the data for the charge exchange cross-section [16], by looking at their figure we can see that then
the magnitude of the cross-section looks as if it varies as an approximate power law over a large
range of the data. By fitting the data of [16] in the range of vCOLL = 4.79 × 105 to 3.68 × 107 cm s−1

with a function of the form ΣCX = Av
−1/n
COLL with A a positive constant and n a positive integer, we

attempt to approximate the change in charge exchange cross-section as a function of velocity. We
found

ΣCX = 10−12.85v
−1/4
COLL cm2 = ΣCX,0(T)

(
1 + π

4
s2
)−1/8

, (4.3)

with ΣCX,0(T) the cross-section at zero drift velocity. Note that this fit is within 5% of the atomic
data. The accuracy can be seen in figure 3 (and has the benefit over that of [20] of being in the form
of a power law and as such allows easier algebraic manipulation). Due to the restrictions in fitting,
more accurate fits are possible, but the accuracy of the fit used here is more than sufficient for the
work. It is important to note that more accurate models of the cross-section exist, for example
those published in [18], where quantum mechanical effects are taken into account resulting in
non-monotonic changes in the cross-section at energies below 1 ev. However, we believe that the
cross-section used here is sufficiently accurate for our purposes.

We can rewrite equation (3.1) (assuming the only force is the Lorentz force) but including a
drift-velocity dependent cross-section giving

ρT

mp

8
3
√

π

√
4kBT
mp

(
1 + 9πs2

64

)1/2

ΣCX,0(T)
(

1 + π

4
s2
)−1/8

vD = − 1
ρp

J × B (4.4)

or (
1 + 9πs2

64

)1/2 (
1 + π

4
s2
)−1/8

sv̂D = −XCX
J × B
|J × B| , (4.5)

with XCX defined as

XCX = mp

ρ2
Tξp

3
√

π

8

(
4kBT
mp

)−1/2
ΣCX,0(T)−1

∣∣∣∣ J × B
c

∣∣∣∣ . (4.6)

By rearranging and putting to the eighth power, we find(
1 + 9πs2

64

)4

s8 = X8
CX

(
1 + π

4
s2
)

. (4.7)

Rearranging equation (4.7) for s gives an eighth-order polynomial in s2. The roots of this
equation can be solved numerically, and then taking that we require s2 to be both purely real

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

25
 J

un
e 

20
24

 



9

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A382:20230229

...............................................................

106 107

υCOLL (cm s–1)

10–15

10–14

Σ C
X

 (
cm

2 )

Figure 3. Plot ofΣCX againstvCOLL. The black line gives the experimental data from [16] and the red line represents the fit used
in this study.

and positive to give physical solutions we can find the appropriate solution and then determine
s. We can also look again at the limits, in this case when s is either small or large. For s2 � 1, we
have

s = XCX. (4.8)

Alternatively, for s2 � 1, we have

s = X4/7
CX

(
64
9π

)2/7 (π

4

)1/14
. (4.9)

Therefore, unlike the constant cross-section case, we have the dependence of vD on |J × B| as
scaling as |J × B|4/7 in the large drift velocity limit (equivalent to the large force limit used earlier)
instead of |J × B|1/2 found in the case of a constant cross-section. Note this implies the scaling of
the heating rate with the magnitude of the Lorentz force of |J × B|12/7. Figure 4 shows s against
XCX, the red line is the solution for s, and the dashed and triple dot dash lines are the small and
large s solutions, respectively.

5. Summary and conclusion
In this paper, we have provided a new analytic framework to relax a key assumption behind the
ambipolar diffusion formulation, something which is used to model the influence of neutrals in
the MHD induction equation. Namely, we have removed the requirement that the difference in
velocities between the charged and neutral fluids has to be much less than the thermal velocity
of the plasma. The key consequence of removing this assumption is that it shows that using the
standard ambipolar diffusion approximation may overestimate the magnitude of the diffusion of
the magnetic field and the heating this produces.

A key question remains, and this is: will there ever be a situation in the solar atmosphere
where the velocity drift gets large enough that the newly proposed formulation is required? To
date, the measured drift velocities, though of order 1 km s−1 (for example [24]), have all been
too small to provide a meaningful departure from the ambipolar diffusion coefficient predicted
by the small drift velocity limit. However, simulations have shown that there is the potential for
huge velocity drifts. For example, in the simulations (including the standard ambipolar diffusion
approximation) of emerging flux by [25], they found drift velocities of approximately 40 km s−1 in
regions where the temperature had dropped to approximately 2000 K. Putting these parameters
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Figure4. Plot of s for adrift-velocity dependent cross-sectionagainstXCX (red line) calculatedby taking theappropriate solution
of equation (4.7). The two limits, small s limit (dashed line) and large s limit (dash-triple dot line), are also plotted.

into equation (2.7) gives a value of s ≈ 5, which from figure 2 we can see corresponds to a value of
X = 5 as in this limit s = X. Taking into account that this large drift velocity would drive further
particle collisions acting as a limiter to the ambipolar diffusion we find a more accurate value of
s ≈ 2.5 (equivalent to a drift velocity of approx. 20 km s−1). Though this drift velocity is still very
significant, it represents a non-trivial reduction in magnitude.

It is reasonable to expect that a detailed investigation of the output of single-fluid partially
ionized plasma models of the solar atmosphere would highlight examples where the changes in
magnitude of the diffusion were even larger. For example, in two-fluid simulations of magnetic
reconnection [26,27], it has been necessary to use this modified form of α as the effect of
drift-induced collisions became significant, so an important future work is to assess during
which physical processes the assumption of small drift velocity breaks down. Beyond the solar
atmosphere, there are many astrophysical systems with low temperatures and densities. If this
is combined with being low plasma β, then the modified formulation presented here may be
applicable.

Data accessibility. This article has no additional data.
Declaration of AI use. I have not used AI-assisted technologies in creating this article.
Authors’ contributions. A.S.H.: conceptualization, formal analysis, funding acquisition, investigation, methodology,
project administration, resources, validation, visualization, writing—original draft.
Conflict of interest declaration. I declare I have no competing interests.
Funding. A.H. was supported in this research by his STFC Ernest Rutherford Fellowship grant no.
ST/L00397X/2 and STFC research grant nos ST/R000891/1 and ST/V000659/1. A.H. would like to
acknowledge the discussions with members of ISSI Team 457 ‘The Role of Partial Ionization in the Formation,
Dynamics and Stability of Solar Prominences’, which have helped improve the ideas in this manuscript.

References
1. Khomenko E, Collados M, Díaz A, Vitas N. 2014 Fluid description of multi-component solar

partially ionized plasma. Phys. Plasmas 21, 092901. (doi:10.1063/1.4894106)
2. Khomenko E. 2017 On the effects of ion-neutral interactions in solar plasmas. Plasma Phys.

Controlled Fusion 59, 014038. (doi:10.1088/0741-3335/59/1/014038)

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

25
 J

un
e 

20
24

 

http://dx.doi.org/10.1063/1.4894106
http://dx.doi.org/10.1088/0741-3335/59/1/014038


11

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A382:20230229

...............................................................

3. Khomenko E. 2020 In multi-fluid extensions of MHD and their implications on waves
and instabilities, pp. 69–116. Cham: Springer International Publishing. (doi:10.1007/978-3-
030-16343-3_3)

4. Martínez-Sykora J, De Pontieu B, Hansteen V, Carlsson M. 2015 The role of partial ionization
effects in the chromosphere. Phil. Trans. R. Soc. A 373, 20140268. (doi:10.1098/rsta.2014.0268)

5. Ballester JL et al. 2018 Partially ionized plasmas in astrophysics. Space Sci. Rev. 214, 58.
(doi:10.1007/s11214-018-0485-6)

6. Khomenko E, Collados M. 2012 Heating of the magnetized solar chromosphere by partial
ionization effects. Astrophys. J. 747, 87. (doi:10.1088/0004-637X/747/2/87)

7. Hillier A, Takasao S, Nakamura N. 2016 The formation and evolution of reconnection-
driven, slow-mode shocks in a partially ionised plasma. Astron. Astrophys. 591, A112.
(doi:10.1051/0004-6361/201628215)

8. Braginskii SI. 1965 Transport processes in a plasma. Rev. Plasma Phys. 1, 205.
9. Leake JE, Arber TD. 2006 The emergence of magnetic flux through a partially ionised solar

atmosphere. Astron. Astrophys. 450, 805–818. (doi:10.1051/0004-6361:20054099)
10. Arber TD, Haynes M, Leake JE. 2007 Emergence of a flux tube through a partially ionized

solar atmosphere. Astrophys. J. 666, 541–546. (doi:10.1086/520046)
11. Martínez-Sykora J, De Pontieu B, Carlsson M, Hansteen V. 2016 On the misalignment

between chromospheric features and the magnetic field on the sun. Astrophys. J. Lett. 831,
L1. (doi:10.3847/2041-8205/831/1/L1)

12. Martínez-Sykora J, De Pontieu B, Hansteen VH, Rouppe van der Voort L, Carlsson M, Pereira
TMD. 2017 On the generation of solar spicules and Alfvénic waves. Science 356, 1269–1272.
(doi:10.1126/science.aah5412)

13. Martínez-Sykora J, De Pontieu B, Carlsson M, Hansteen VH, Nóbrega-Siverio D, Gudiksen
BV. 2017 Two-dimensional radiative magnetohydrodynamic simulations of partial ionization
in the chromosphere. II. Dynamics and energetics of the low solar atmosphere. Astrophys. J.
847, 36. (doi:10.3847/1538-4357/aa8866)

14. Draine BT. 1986 Multicomponent, reacting MHD flows. Mon. Not. R. Astron. Soc. 220, 133–148.
(doi:10.1093/mnras/220.1.133)

15. Zank GP, Adhikari L, Zhao LL, Mostafavi P, Zirnstein EJ, McComas DJ. 2018 The pickup
ion-mediated solar wind. Astrophys. J. 869, 23. (doi:10.3847/1538-4357/aaebfe)

16. Barnett CF, Hunter HT, Fitzpatrick MI, Alvarez I, Cisneros C, Phaneuf RA. 1990 Atomic data
for fusion. Volume 1: Collisions of H, H2, He and Li atoms and ions with atoms and molecules.
Technical report.

17. Oliver R, Soler R, Terradas J, Zaqarashvili TV. 2016 Dynamics of coronal rain and
descending plasma blobs in solar prominences. II. Partially ionized case. Astrophys. J. 818,
128. (doi:10.3847/0004-637X/818/2/128)

18. Vranjes J, Krstic PS. 2013 Collisions, magnetization, and transport coefficients in the lower
solar atmosphere. Astron. Astrophys. 554, A22. (doi:10.1051/0004-6361/201220738)

19. Pauls HL, Zank GP, Williams LL. 1995 Interaction of the solar wind with the local interstellar
medium. J. Geophys. Res. 100, 21 595–21 604. (doi:10.1029/95JA02023)

20. Meier ET, Shumlak U. 2012 A general nonlinear fluid model for reacting plasma-neutral
mixtures. Phys. Plasmas 19, 072508. (doi:10.1063/1.4736975)

21. Leake JE, Lukin VS, Linton MG, Meier ET. 2012 Multi-fluid simulations of chromospheric
magnetic reconnection in a weakly ionized reacting plasma. Astrophys. J. 760, 109.
(doi:10.1088/0004-637X/760/2/109)

22. Leake JE, Lukin VS, Linton MG. 2013 Magnetic reconnection in a weakly ionized plasma. Phys.
Plasmas 20, 061202. (doi:10.1063/1.4811140)

23. Popescu Braileanu B, Lukin VS, Khomenko E, de Vicente Á. 2019 Two-fluid simulations of
waves in the solar chromosphere. I. Numerical code verification. Astron. Astrophys. 627, A25.
(doi:10.1051/0004-6361/201834154)

24. Zapiór M, Heinzel P, Khomenko E. 2022 Doppler-velocity drifts detected in a solar
prominence. Astrophys. J. 934, 16. (doi:10.3847/1538-4357/ac778a)

25. Nóbrega-Siverio D, Moreno-Insertis F, Martínez-Sykora J, Carlsson M, Szydlarski M. 2020
Nonequilibrium ionization and ambipolar diffusion in solar magnetic flux emergence
processes. Astron. Astrophys. 633, A66. (doi:10.1051/0004-6361/201936944)

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

25
 J

un
e 

20
24

 

http://dx.doi.org/10.1007/978-3-030-16343-3_3
http://dx.doi.org/10.1007/978-3-030-16343-3_3
http://dx.doi.org/10.1098/rsta.2014.0268
http://dx.doi.org/10.1007/s11214-018-0485-6
http://dx.doi.org/10.1088/0004-637X/747/2/87
http://dx.doi.org/10.1051/0004-6361/201628215
http://dx.doi.org/10.1051/0004-6361:20054099
http://dx.doi.org/10.1086/520046
http://dx.doi.org/10.3847/2041-8205/831/1/L1
http://dx.doi.org/10.1126/science.aah5412
http://dx.doi.org/10.3847/1538-4357/aa8866
http://dx.doi.org/10.1093/mnras/220.1.133
http://dx.doi.org/10.3847/1538-4357/aaebfe
http://dx.doi.org/10.3847/0004-637X/818/2/128
http://dx.doi.org/10.1051/0004-6361/201220738
http://dx.doi.org/10.1029/95JA02023
http://dx.doi.org/10.1063/1.4736975
http://dx.doi.org/10.1088/0004-637X/760/2/109
http://dx.doi.org/10.1063/1.4811140
http://dx.doi.org/10.1051/0004-6361/201834154
http://dx.doi.org/10.3847/1538-4357/ac778a
http://dx.doi.org/10.1051/0004-6361/201936944


12

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A382:20230229

...............................................................

26. Murtas G, Hillier A, Snow B. 2021 Coalescence instability in chromospheric partially ionized
plasmas. Phys. Plasmas 28, 032901. (doi:10.1063/5.0032236)

27. Murtas G, Hillier A, Snow B. 2022 Collisional ionization and recombination effects on
coalescence instability in chromospheric partially ionized plasmas. Phys. Plasmas 29, 062302.
(doi:10.1063/5.0087667)

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

25
 J

un
e 

20
24

 

http://dx.doi.org/10.1063/5.0032236
http://dx.doi.org/10.1063/5.0087667

	Introduction
	Determining the collisional velocity
	Calculating vD in the strong coupling limit
	The ambipolar diffusion approximation in the Lorentz force dominant limit
	Consequences for ambipolar diffusion heating

	Beyond a constant cross-section
	Investigating the role of a non-constant collisional cross-section

	Summary and conclusion
	References

