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ABSTRACT

It is generally accepted that the solar wind is significantly heated beyond ~10 AU by the turbulent decay of pickup ion generated
Alfvénic fluctuations. Here, we present a detailed and general calculation of the pickup ion ionization frequencies, and we evaluate
these quantities within the solar wind termination shock along the stagnation line. For this supersonic solar wind region, inside of
the solar wind termination shock, our results compare well with earlier estimates of these frequencies. When, in the future, turbu-
lence transport models are extended into the heliosheath, the methodology outlined in this paper can be used to calculate ionization
frequencies in this hot and dense plasma region where the resulting calculations become more complex.
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1. Introduction

The radial profile of the solar wind proton temperature has long
been known to deviate significantly from the dependence ex-
pected of a purely adiabatic expansion (see, e.g., Gazis et al.
1994; Richardson et al. 1995). Overall, Richardson et al. (1995)
report a 049001 dependence for the solar wind proton tem-
perature, quite different from the »~*/3 dependence expected of
purely adiabatic expansion. Smith et al. (2001) argue that this
effect is not related to the solar cycle. One possible explana-
tion, proposed by Richardson et al. (1995), for the increase in
temperature at the largest radial distances is that it is a latitu-
dinal effect, as the Voyager spacecraft leaves the ecliptic plane
after ~20—30 AU. This explanation, however, does not fully ex-
plain the higher temperatures observed in the ecliptic. A possible
source of energy for this phenomenon, suggested by Williams
et al. (1995), is the formation of pickup ions from interstellar
neutral hydrogen, which could generate turbulence (Lee & Ip
1987), the cascade of which would then deposit this energy as
heat into the solar wind core protons. As neutral hydrogen parti-
cles enter the heliosphere, they become ionized either by charge
exchange mechanisms with solar wind protons, by solar ultra-
violet light, or by electron impacts (see, e.g., Zank 1999; Fahr
et al. 2000; Isenberg et al. 2003; Isenberg 2005; Scherer et al.
2014). This introduces an unstable distribution of pickup pro-
tons into the solar wind, which in turn are quickly scattered,
generating wavemodes propagating parallel to the heliospheric
magnetic field (Smith et al. 2001). Any turbulence transport
model that only includes 2D-like fluctuations cannot, therefore,
self-consistently include the effect of these pickup ions. Only
a fraction of the pickup ion’s energy is deposited in this way
(Isenberg et al. 2003; Isenberg 2005), but the energy contributed
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is significant enough to make this a viable heating mechanism
(Isenberg 2005). This has indeed been demonstrated in many
studies, where increasingly sophisticated turbulence transport
models are employed to model the effects of this cascade on the
solar wind proton temperature profile (see, e.g., Zank et al. 1996;
Smith et al. 2001; Isenberg 2005; Breech et al. 2008; Ng et al.
2010; Oughton et al. 2011; Adhikari et al. 2014, and other refer-
ences below). The purpose of this research note is to show that
the relatively simple means by which the above mentioned stud-
ies model the ionization frequency of the incoming interstellar
hydrogen in the supersonic solar wind is indeed accurate, and
does not significantly deviate from the results of a calculation of
the same from first principles.

In turbulence transport models the energy contribution due
to the turbulent fluctuation energy generated by the formation
of pickup ions is generally modeled using an expression of the
form (Williams & Zank 1994)

VAV, .
A bVIOI'INH’ (1)

where v is the Alfvén speed, vg the solar wind proton bulk
speed, NPUT the pickup ion density, N7 the neutral hydrogen den-
sity, nP the solar wind proton density, 719" the ionization time, '
the corresponding ionization frequency, and f a scaling factor re-
lated to the amount of the pickup ion’s energy that is contributed
to fluctuations. The formalism used by, e.g., Isenberg (2005),
Ng et al. (2010), Oughton et al. (2011), Engelbrecht & Burger
(2013), f = £, which in turn is related to the quantity fp used by,
e.g., Williams & Zank (1994), Smith et al. (2001, 2006), Breech
et al. (2008), Usmanov et al. (2012), with fp = (Vs,/Va)Z. The
quantity ¢ is found from first principles by Isenberg et al. (2003)
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Fig. 1. Radial dependence of the temperature, ratio of the thermal and bulk components of the collision speed, and resulting collision energy for
protons and electrons. The bottom right panel shows the calculated ionization frequencies, compared to previous estimates.

and Isenberg (2005) to be a few percent. In Oughton et al. (2011)
and Engelbrecht & Burger (2013), for instance, { is assumed to
be constant and equal to 0.04. This quantity, however, does vary
throughout the heliosphere (see, e.g., Isenberg 2005; Ng et al.
2010). The neutral hydrogen density is usually modeled within
the termination shock with

Leay /7 :|

N = NH -
TS exp[ 6, /sin 6,

(2)
where N{[S is the neutral hydrogen density at the termination
shock, L,y the radial heliocentric extent of the ionization cavity,
and 6, the angle measured between an observation point and the
neutral hydrogen upstream direction. A value of 0.1/cc is usually
chosen for N¥S, as for example by Breech et al. (2008), Oughton
et al. (2011), following the results of line-of-sight observations
of nearby stellar Lyman-a emission lines (see, e.g., Anderson
et al. 1978; Gry & Jenkins 2001). Various Lyman-a observa-
tions from other studies indicate that this parameter varies within
a range of about 0.05-0.3/cc (Scherer et al. 1999), but Bzowski
et al. (2009) report an observational value of 0.09 + 0.022/cc
for this quantity, consolidated from measurements taken by var-
ious spacecraft. The ionization cavity size L., appears depen-
dent upon the solar cycle (Smith et al. 2001), and two values
are commonly used as inputs for turbulence transport models:
Leay = 5.6 AU (see, e.g., Isenberg et al. 2003; Isenberg 2005;
Isenberg et al. 2010; Oughton et al. 2011), and L.,y = 8 AU
(see, e.g., Smith et al. 2001; Breech et al. 2008). Schwadron &
McComas (2010), however, state that most incoming neutral hy-
drogen atoms would be ionized within ~4 AU. A value of 0° is
generally assumed for 6,, thereby implying a spatially uniform
influx of neutral hydrogen (see, e.g., Smith et al. 2001; Breech
et al. 2008; Pei et al. 2010; Oughton et al. 2011). The above
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approach assumes a cold neutral hydrogen density (Vasyliunas
& Siscoe 1976), which may not be the best choice of model
(see, e.g., Zank 1999), and is not the most realistic of scenar-
ios given recent IBEX results (see, e.g., Fuselier et al. 2009).
This model, however, has the benefit of being relatively tractable
and has yielded good agreement with solar wind proton tem-
perature observations when used in conjunction with turbulence
transport models (see, e.g., Smith et al. 2001, 2006; Isenberg
2005; Isenberg et al. 2010; Ng et al. 2010; Oughton et al. 2011;
Adhikari et al. 2014).

2. lonization frequencies

Generally, the various turbulence transport studies cited above
assume that the interstellar neutral hydrogen ionization fre-
quency scales as 772, and that the formation of pickup ions is
governed by photoionization or charge exchange with solar wind
protons. As this radial dependence cancels neatly with that of the
solar wind proton density in Eq. (1), only the 1 AU value of this
quantity (and of the proton density) is employed in this expres-
sion. Two different values for the ionization frequency at Earth
are generally employed: a value of 107 s™! by, e.g., Zank et al.
(1996), Smith et al. (2001) and Breech et al. (2008), and a more
commonly used value of 7.5 x 1077 s~! by, e.g., Isenberg et al.
(2003), Isenberg (2005), Smith et al. (2006) and Oughton et al.
(2011). This approach does not take into account a solar cycle
dependence of this quantity, the possibility of which being sug-
gested by Smith et al. (2001). In what follows, the former value
is referred to as the Zank et al. (1996) value, while the latter is
referred to as the Isenberg et al. (2003) value. These two ioniza-
tion time scalings are shown as function of heliocentric radial
distance along the stagnation line in the bottom panel of Fig. 1.
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We consider three ionization processes, respectively pho-
toionization (pi), charge exchange (ce), and electron impact (ei),
where
piH +y — p*! 3)
ce:p+H — H+ ptY! 4)
eitH+e — pPUl4+2e". (®)]

The total ionization frequency can then be written as the sum of
the ionization frequencies due to each process, such that

Vion — Vpi + 5 4 Vei. (6)
In general, the ionization frequency can be written as

Vi = o (Vo) Veons )
where i € {pi,ce,ei} describes the different processes, ot the
corresponding cross-sections, n/ the number density of the dif-
ferent particle species interacting with neutral hydrogen (with
j € {y,p,e}) and vi o 18 the different collision speed for every
process. The collision speed can be written in a general form as

. : 2 i 2
i Vi H Jj_ . H
Vol = \/(Ulherm + Ulherm) + (vb vb) ’ (®)

al_though thjs is, of course, not valid for photoionization. Here
/ and v{) are the thermal speed and bulk velocity respectively,

v

therm
with
i [2ksTJ v [2ksTH
Utherm = and Utherm = ’ 9
m; my
When only considering the stagnation line, v{) = v{)f* and v{)‘l =
_ Ha i
vy F, 80 that Vot reduces to
< ; 2 ; 2
i _ J H J H
Vot = \/(Utherm + Utherm) + (Ub + Ub) : (10)

When the charge-exchange ionization process is considered, the
ionization frequency can be written as

ce __ ce . Cce ce
Ve =nPor (Ucoll)vcoll’ (1 1)
where the proton number density, normalized to a value ng at

Earth taken here to be 5/cc (consistent with the reported obser-
vational range of 5—10/cc Wang et al. 2007), is given by nP =
ny (ro/r)*. We use a value of vl =26 kms™' and TH = 6300 K
for the hydrogen bulk speed and temperature, as reported by
McComas et al. (2015). For the solar wind protons, we assume
the typical ecliptic value of vg = 400 kms~!, with a temperature

that decreases as TP ~ % after Richardson et al. (1995), nor-
malized to 10° K at Earth (see, e.g., Smith et al. 2001). The top
left panel of Fig. 1 shows the assumed proton temperature pro-
file and the top right panel the ratio of the thermal (v® -+t

therm therm)
to the bulk speeds (vg + vgl) that enter the calculation of vZ; . It

is clear that, for charge exchange, the bulk speed is the domi-
nant contribution to the collision speed. Beyond the termination
shock, however, the plasma becomes slower, denser, and hotter,
so that the thermal component may become significant in this re-
gion. The relative collision energy, needed to evaluate o(E! ),

is calculated as E | = m;(1}_;)*/2 (see the bottom left panel of
Fig. 1). The cross-section we use for this particular interaction is
reported by Scherer et al. (2014), with a value of ~2x10~!> cm™2

taken for a relative collision energy of ~930 eV. This value is

identical to that employed by Usmanov et al. (2012). The re-
sulting radial dependence of the charge exchange ionization fre-
quency is shown in the bottom right panel of Fig. 1.

For photoionization, UE:) = ¢, where c is the speed of light,
so that

Wi=o(en) =0F. (12)
Moreover, the photon flux decreases as

2
rn(2)

which, following Scherer et al. (2014), leads to v*' = 8 x
1078(r,/r)*. This is very similar to the 1 AU value for the photo-
ionization frequency of 9x 10~® Hz employed by Whang (1998).

The ionization frequency for electron impacts can be ex-
pressed by

v = o g Ve (14)
We assume the solar wind plasma to be quasi-neutral, n® =
nP, and that the different species are co-moving, vf) ~ vg.
Observations indicate that solar wind protons and electrons are
not in thermal equilibrium; Cranmer et al. (2009) show that 7°¢ is
~2-3 times lower than TP at Earth. Moreover, Sittler & Scudder
(1980) find that 7° shows near isothermal behavior. We there-
fore assume T¢ ~ r~%/7, normalized to 5 x 10* K at Earth. The
radial dependence of 7°° is, because of the limited number of ob-
servations at larger radial distances, relatively unknown, and our
estimates can probably be considered an upper limit (e.g., Landi
et al. 2012). The top panels of Fig. 1 once again show the as-
sumed 7 profile and the ratio of thermal to bulk speed for the
electron impact collision speed. As opposed to protons, the elec-
tron thermal component dominates vi‘o ;- Again calculating E;"H,

shown in the bottom left panel, we find ng“ < 13.6 eV, which
means that for the assumed set of parameters, neutral hydrogen
cannot be ionized through electron impacts, i.e., Vel ~ 0. If, how-
ever, electrons are sufficiently heated beyond the terminations
shock, as suggested by Chashei & Fahr (2014), the electron im-
pact ionization process may become effective in the heliosheath.

Figure 1 shows the ionization frequencies due to each of the
processes discussed above (bottom right panel) as well as the to-
tal ionization frequency thus calculated, as function of radial dis-
tance. The total ionization frequency calculated (red line) shows
a % dependence, with a value of 5.07 x 10~7 s™! at 1 AU, corre-
sponding to an ionization time at Earth of 71" ~ 1.97 x 10° s. It
is clear that electron impact cannot contribute to the total ioniza-
tion frequency, and that charge exchange contributes most. The
total calculated ionization frequency differs very little from the
previously assumed scalings of the same (green and blue lines)
in the very inner (within ~20 AU) heliosphere. The differences,
however, become larger with increasing radial distance, so that
at 100 AU the calculated total ionization frequency is ~97%
smaller than the Zank et al. (1996) value, and ~48% smaller than
the Isenberg et al. (2003) value.

Figure 2 shows radial solar wind proton temperature profiles
calculated with the two-component turbulence transport model
proposed by Oughton et al. (2011), following the approach of
Engelbrecht & Burger (2013), for the various ionization frequen-
cies discussed above. The boundary value of the solar wind pro-
ton temperature at 0.3 AU used here is 4 x 10° K so as to ensure
a temperature at Earth of 10° K, while all other boundary val-
ues for turbulence quantities are held at the same values used
by Engelbrecht & Burger (2013). Voyager observations as re-
ported by Smith et al. (2001) are also shown, to guide the eye,
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Fig. 2. Solar wind proton temperatures calculated using the Oughton
et al. (2011) turbulence transport model using various ionization fre-
quencies, as function of heliocentric radial distance. Voyager data
shown are taken from Smith et al. (2001).

as no attempt at data fitting is made. However, the model so-
lutions broadly follow their radial trend. In the very inner he-
liosphere (within ~10 AU), the temperature profiles for each of
the frequencies are almost identical, as expected from Fig. 1. At
larger radial distances, the differences in ionization frequencies
employed are clearly reflected in computed temperature profiles,
with the largest ionization frequencies (in this case that used by
Zank et al. 1996) leading to the largest temperatures at 100 AU.
At 100 AU, there is an ~72% difference between results com-
puted using the total ionization frequency that we calculate, and
those computed using the Isenberg et al. (2003) ionization fre-
quency, with an ~154% difference from results calculated using
the Zank et al. (1996) ionization frequency.

3. Concluding remarks

Careful calculation of the ionization frequency of incoming
interstellar neutral hydrogen, taking the processes of photoion-
ization, charge exchange, and electron impact into account,
leads to a result not vastly different from the approach usually
taken when this quantity is modeled in turbulence transport
studies, with a difference of ~48% when compared with the
commonly used value of Isenberg et al. (2003). Radial solar
wind proton temperature profiles calculated using the different
ionization frequencies discussed above reflect the differences
in the frequencies themselves. When compared, the differences
in proton temperature profiles calculated with the various
ionization frequencies calculated here are large. The profile
calculated using the more commonly employed Isenberg et al.
(2003) ionization frequency differs from that computed using
the ionization frequency calculated here by ~72% at 100 AU,
and even though this difference is small relative to the variations
in the Voyager observations shown in Fig. 2, it can be significant
when careful comparisons of model results with observations
need to be made. The collision speed seems too low for electron
impact to a be a viable ionization process inside the termination
shock regions. Should turbulence transport models be extended
into the heliosheath, as in theory has recently become possible
with the model proposed by Zank et al. (2012), the heating of the
plasma at the termination shock would necessitate a calculation
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of the ionization frequency along the lines that we present here.
Additionally, we note that v'*"* will have an azimuthal depen-
dence if calculated throughout the heliosphere, even in the su-
personic solar wind (note the vector notation in Eq. (8)) and that
this quantity will exhibit solar cycle variations (through the input
parameters, e.g., T/ and n/) if calculated time dependently.
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