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Abstract

The New Horizons Solar Wind Around Pluto (NH SWAP) instrument has provided the first direct observations of
interstellar H™ and He™ pickup ions (PUIs) at distances between ~11.26 and 38 au in the solar wind. The
observations demonstrate that the distant solar wind beyond the hydrogen ionization cavity is indeed mediated by
PUIs. The creation of PUIs modifies the underlying low-frequency turbulence field responsible for their own
scattering. The dissipation of these low-frequency fluctuations serves to heat the solar wind plasma, and accounts
for the observed non-adiabatic solar wind temperature profile and a possible slow temperature increase beyond
~30au. We develop a very general theoretical model that incorporates PUIs, solar wind thermal plasma, the
interplanetary magnetic field, and low-frequency turbulence to describe the evolution of the large-scale solar wind,
PUIs, and turbulence from 1-84 au, the structure of the perpendicular heliospheric termination shock, and the
transmission of turbulence into the inner heliosheath, extending the classical models of Holzer and Isenberg. A
detailed comparison of the theoretical model solutions and observations derived from the Voyager 2 and NH
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SWAP data sets shows excellent agreement between the two for reasonable physical parameters.
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1. Introduction

The New Horizons Solar Wind Around Pluto (NH SWAP)
instrument (McComas et al. 2008) measures the thermal solar
wind plasma and additionally has provided the first direct
observations of interstellar H* and He™ pickup ions (PUISs) at
distances between ~11.26 and 38au in the solar wind
(McComas et al. 2017). This region is well distant of the
hydrogen ionization cavity (contained roughly within
~5-8 au), and so the observed PUI distribution, particularly
that of pickup H*, should have had sufficient time to evolve
into a stable nearly isotropic distribution. Prior observations of
PUIs by the Ulysses Solar Wind Ion Composition Spectrometer
instrument (Gloeckler et al. 1992) identified numerous PUI
species (H*, Het, N*, O", Ne't) (e.g., Gloeckler & Geiss
1998). These observations were made within the hydrogen
ionization cavity, from about 1.4-5.4 au, and the distributions
tended to be highly anisotropic in character (Gloeckler et al.
1995). This suggested that the PUI scattering mean free path
(mfp) was possibly unusually long, the precise reason being
somewhat unclear. It has been suggested that the nature of the
underlying turbulence responsible for the scattering of PUISs,
being a superposition of a majority quasi-2D and a minority
slab component, might be responsible for the long mfps.
However, the initial PUI distribution, as a ring-beam, is
unstable to the excitation of Alfvénic modes (Lee & Ip 1987;
Williams & Zank 1994; Zank 1999; Cannon et al. 2014a,
2014b; Aggarwal et al. 2016; Fisher et al. 2016; Smith et al.
2017; Hollick et al. 2018a, 2018b), and therefore modifies the
underlying low-frequency turbulence field responsible for
scattering PUIs. It transpires that the excitation of Alfvénic
fluctuations in the distant solar wind is key to understanding the
observed radial evolution of the variance in magnetic field
fluctuations (Zank et al. 1996; Matthaeus et al. 1999; Smith
et al. 2001; Breech et al. 2008; Isenberg et al. 2010; Oughton
et al. 2011; Zank et al. 2012a; Adhikari et al. 2014, 2015;
Wiengarten et al. 2016; Adhikari et al. 2017; Shiota et al. 2017,

Zank et al. 2017). Equally importantly, the dissipation of these
low-frequency fluctuations serves to heat the solar wind
plasma, and accounts for the non-adiabatic solar wind
temperature profile and a possible slow temperature increase
beyond ~30au (Williams et al. 1995; Matthaeus et al. 1999;
Smith et al. 2001; Breech et al. 2008; Oughton et al. 2011;
Adhikari et al. 2015; Zank et al. 2017). The excitation of low-
frequency turbulence in the outer heliosphere also has an effect
on cosmic ray mfps (Zank et al. 1998; Florinski et al. 2003;
Engelbrecht & Burger 2013; Chhiber et al. 2017; Engelbrecht
2017; Zhao et al. 2017, 2018).

Evidently, there is a close coupling of PUIs, thermal solar
wind plasma, and the evolution of low-frequency turbulence
throughout the solar wind. Early solar wind models that include
PUIs created by the flow of interstellar neutral H into the
heliosphere typically assumed instantaneous assimilation and
equilibration of newly created PUIs with the solar wind plasma
(Wallis 1971; Holzer 1972; Holzer & Leer 1973; Isenberg et al.

1985) i.e., the combined thermal solar wind and PUI plasma
was treated as a single distribution, and the closure of the fluid
system assumed essentially a total Maxwellian distribution.
These models predicted a quite dramatic solar wind temper-
ature increase with increasing heliocentric distance, which is of
course not observed. Isenberg (1986) pointed out that the
Coulomb collision timescale between suprathermal pickup
protons and solar wind protons (and electrons) far exceeds the
fluid advection time for a heliospheric supersonic flow of radial
extent less than 100 au (i.e., the distance to the heliospheric
termination shock—HTS). Consequently, there can be no
equilibration of the thermal solar wind and pickup proton
populations, and instead the total distribution will comprise a
cold thermal solar wind core and a tenuous energetic pickup
proton halo (Isenberg 1986; Zank et al. 1996; Zank 1999; Zank
et al. 2014, 2010; Zank 2015; Burrows et al. 2010). As
discussed by Isenberg (1986) and further elaborated by Zank
et al. (2014; see also Zank 2016), a model of the supersonic
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solar wind must incorporate as distinct plasma components the
thermal solar wind and the suprathermal pickup protons.

In this work, we extend the classical models of Holzer
(1972) and Isenberg (1986) by coupling a detailed model of
turbulence transport and dissipation to a multi-fluid description
of the solar wind plasma. This allows us to properly examine
the feedback between solar wind plasma heating, the modified
large-scale solar wind velocity due to the creation of PUIs, and
the driving of turbulence by solar wind and interstellar PUI
sources.

An important motivation for this work is that it allows for the
testing of pickup proton-mediated solar wind models within
~40 au against a suite of NH SWAP plasma observations,
including pickup proton plasma parameters. It also allows for
the extrapolation of solar wind and thermal solar wind plasma
parameters to the HTS based on SWAP observations between
~11.26 and 38 au (Randol et al. 2012, 2013; McComas et al.
2017). By extrapolating the SWAP plasma parameters to
~75-84 au, we can test models of the HTS (McComas et al.
2017) of the kind developed by Mostafavi et al. (2017b).
Unfortunately NH does not possess a magnetic field instru-
ment, which limits our ability to fully evaluate the turbulence
transport models.

In Section 2, we present the basic model, including the
turbulence transport equations, illustrating the complex mutual
coupling of pickup protons, turbulence, and solar wind thermal
plasma. Solutions for the supersonic solar wind models are
presented in Section 3, and we compare to observations derived
from Voyager 2 plasma and magnetometer data and NH SWAP
plasma data. Section 3 includes extrapolation of the plasma and
magnetic field model to ~84 au. This set of values is used in
Section 4 to model the structure of the HTS based on a
corresponding PUI-mediated plasma model. Finally, in
Section 5, we use the turbulence model and the derived HTS
shock structure results to consider the transmission of
turbulence through the HTS into the inner heliosheath.

2. Model Equations

The derivation of the model equations on which we base the
subsequent analysis, including the structure of the HTS, can be
found in Zank et al. (2014; see also Zank 2016 for the correct
form of the viscous stress tensor) and Zank et al. (2017). Based
on the Zank et al. (2014) equations, Mostafavi et al. (2017b)
discussed the structure of shocks in a pickup proton-mediated
plasma, including an example of the HTS. Adhikari et al.
(2017) solved the spherically symmetric form of the Zank et al.
(2017) turbulence transport equations from 1-75au for a
prescribed constant radial solar wind speed.

In deriving the equations describing a non-equilibrated
thermal plasma and a nearly isotropic suprathermal PUI
distribution, Zank et al. (2014) assumed that pre-existing and
self-generated Alfvén waves scatter PUIs. A form of collision-
less Chapman—Enskog expansion then yields the appropriate
form of the nearly isotropic PUI equations that describe the
evolution of the PUI density p,, velocity, and pressure P,
Because of the near isotropy of the scattered PUI distribution,
the fluid description for PUIs contains both a heat conduction
term oK, - VP,, where K, is the collisionless PUI “thermal
conduction” tensor, and a stress tensor due to the collisionless
viscosity 7. The heat conduction term represents a first-order
anisotropy and the viscous terms a second-order anisotropy in
the PUI distribution. Although we neglect, for simplicity, the
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scale lengths introduced by both PUI heat conduction and
viscosity in our model of the large-scale supersonic solar wind,
they are of importance in determining the structure of the HTS,
as will be discussed in Section 4.

In the low-frequency or magnetohydrodynamic (MHD)-like
reduction of the full multi-fluid thermal plasma (thermal
protons and electrons) and pickup proton gas, the tenuous
pickup protons co-move with the dominant (by number)
thermal plasma constituent (Zank et al. 2014). This yields after
suitable approximation the MHD-like Equations (61)—(68) in
Zank et al. (2014), in which both a distinct scalar thermal
pressure P and pickup proton pressure P, are present. These
equations need to be modified by the effects of interstellar
proton pickup due to photoionization of interstellar neutral H
and both thermal proton and pickup proton charge exchange
with interstellar neutral H traversing the heliosphere. The
underlying basis of the derivation of the continuum model and
source terms from a kinetic perspective is discussed in the
Appendix. The thermal plasma (p,) and pickup proton (p,)
density equations may be expressed separately as

0
LVl = -8 M
ot
0
% + V- (p,U) = S: + S, @)

where S denotes a charge-exchange source term and Sﬁh a
photoionization source term, the specific forms of which are
presented below, and U is the co-moving bulk flow velocity.
Equations (1) and (2) can of course be combined in terms of the
total density p = p, + p,, i.e.,

0

LV (pU) =St 3)
ot
The conservation form of the total momentum equation can be
expressed as

%(pU) +V - [pUU + RI + P,I
1 1

+ II, + — B — _BB] - S;)n + UHSph’ “)
2#0 o

where 11, is the pickup proton stress tensor,

1 —3cos2f 3cosfsind 0

II, = I 3cosfsind 1 — 3sin?6 0
0 0 1
X bkblﬁ — l—aUm . (5)
Oxy, 3 Oxp

Here, 6 is the angle between the flow U and magnetic field B
vectors, where B is along the x-direction, b = B/|B| is a
directional unit vector, (i, the permeability of free space, and
n ~ B,7./m, is the collisionless pickup proton viscosity and
can be approximated in a “classical” form that resembles the
usual collisional viscosity (see Zank et al. 2014) (7, denotes a
characteristic wave-particle scattering time and m,, the proton
mass). Expression (5) can be expressed in the classical stress
tensor form (Zank et al. 2014), not shown here. The PUI stress
tensor was derived originally in a coordinate system in which
the magnetic field B defined the “z-direction” (Zank et al. 2014;
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Zank 2016). In rewriting the PUI stress tensor in the form of
Equation (5), we introduced an arbitrary coordinate system in
which 6 is the angle between the flow vector and the magnetic
field vector. This follows from a straightforward rotation of the
coordinates so we do not provide the details (this is the same
rotation that introduces the off-diagonal terms in the PUI heat
flux tensor). Because we use the x direction to define the
orientation of the magnetic field, when 6 = 0, the diagonal of
the matrix becomes (—2, 1, 1), but in Zank et al. (2014), the
diagonal of their matrix in Equation (44) is (1, 1, —2) since
they used the z-axis to define the magnetic field direction. Both
the PUI heat conduction and viscous terms are important in the
context of the HTS structure problem (Mostafavi et al. 2017b)
and are used in Section 4 below, but are not important for
modeling the large-scale steady-state supersonic solar wind.
Two source terms are present in (4), one being the momentum
introduced by the photoionized PUIs, where Uy is the
interstellar neutral H velocity in the heliosphere, and the other
due to the charge-exchange creation of PUIs. For the present,
we do not include the possible contribution to the momentum
budget by turbulence. This would require a Reynolds-averaged
form of the equations, which has been discussed by Kryukov
et al. (2012) and Usmanov et al. (2011, 2014). For a smooth
flow, Equation (4) reduces to
p(%—lt]+U-VU)+VB+VPp

~JxB+V I, =8"+ (Us — U)S™, (©6)

where the current is as usual given by pyJ =V X B.

The total energy equation includes the heat flux associated
with the nearly isotropic pickup protons. Furthermore, the
dissipation of turbulence leads to heating of the plasma. Both
these factors yield the total energy equation and the pickup
proton pressure equation in the form (Zank et al. 2014;
Zank 2016)

1 P P B?
2[—pU2 +—— 4+ —L—+ —J
or\2 =1 =1 2p

vt 2 pus 2 pu
2 ¥ — 1 Y — 1
B? 1
+2U+M,-U— —U-BB
Ho Ho

1 1
—K, - VP,|=S8; + S; 7
"Yp—13 P [:| 14 t ()

o5
ot
= (p — DI (VU) + (3 — DS, 8)

+U-VP,,+7,,P,,V-U:§V-(K,,-VP,,)

where S, denotes a pickup proton energy source term due to
charge exchange and S, a source of heating due to the dissipation
of turbulence. The thermal plasma and pickup proton adiabatic
indices are given by 7 ,, respectively, and we assume that both
values are 5/3 (although see Khabibrakhmanov et al. 1996;
Zank 1999 for the possibility that +, could be different from
5/3). Notice from Equation (8) that we have assumed explicitly
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that the dissipation of turbulence heats only the thermal plasma
and not the suprathermal pickup protons. For smooth flows, the
conservation form of Equation (7) can be re-expressed in terms of
the thermal gas pressure, as is done below when the explicit
source terms are included.

We restrict our attention to a simple 1D spherically
symmetric steady-state solar wind and consider the source
terms. The photoionization term can be expressed as
(Holzer 1972; Isenberg 1986)

o

2
S;h - VpOmpN(T) > (9)

where N is the neutral H number density, ry = 1 au, and the
ionization rate v, = 1.5 x 1077 s~1. Here,

!/
N = ni exp(—L.—e), (10)
rsinf’

where 0’ is the angle between observation point and upstream
direction. We use 6/ = 0, a hydrogen ionization cavity length
scale L = 7au, and n3° = 0.1 cm™3. The charge-exchange
terms correspond to charge exchange between solar wind
protons and interstellar neutral H (S;) and between pickup
protons and neutral H (S9), given by (Isenberg 1986)

Si= vl SP=ulp, (1)
1/2
128k
vi= VcoN[ (T + Ti) + (U — UH)Z] a2
97mm,,
128k 2
Vf = VCON[ (Tp +Tn) + U — UH)2:| s (13)
97m,

where 1,0 =2 x 10~ cm? is the charge-exchange cross-

section (Holzer 1972), k is Boltzmann’s constant, and T/, the
thermal /pickup proton temperature. Note that v, does not
appear explicitly in the Vasyliunas & Siscoe (1976) distribution
function since the assumption of (i) a cold neutral H
distribution, (ii) a neutral H drift speed Uy = 0, (iii) cold
solar wind plasma, i.e., Ty = 0, a parameter 3, that scales as
r~2, where r refers to heliocentric distance, yields a source term
similar to the photoionization source term (9). Under these
assumptions, the source term is effectively Equation (9) but
with a multiplicative parameter 3, that corresponds to Equation
(1) of McComas et al. (2017). This point is discussed further in
the Conclusions.

The stationary spherically symmetric continuity and momen-
tum Equations (1)—(3) and (6) assume the form

1d o \2
Ay =St = VpOmPN(TO) ; (14)
1d , ‘
——r*pU) = —vipg 15
1’2 dl’( pS ) cps ( )
1 d ; 7 \2
SRl = vep + vpompN(TO) ; (16)
dU dP.  dB B dB
pU— + —= + =L + (V- II), + ——
dr dr dr o dr
=S"(Un — U) + wip, + vEp,)(Un — U), (17)
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where (V - IL,), denotes the radial component of the vector
V - II,. The total energy equation requires a little more
attention and the stationary spherically symmetric form of (7)
is, after suitable rearrangement and assuming a smooth flow,
given by
1 I 1
v pld oy
v—1 dr vw—1"r2dr

1 dP

+ g

1d
P,——(r®U
przdr( )

Y — 1 dr -1
dP,
+ H[’rra_U - 1 1 d ()’ Krr_p)
Or ¥ — 1 352 dr dr
:Spph l(UH —U)? + 3 kI
2 2 m,
1 3 kT; 1 kT,
+ vip|=(Ung — U)? + Ak —
2 2 my, Y — 1 m,
3K 1K,

1
+ VfPP(E(UH —U? + ) + S, (18)

m, Y — 1 m,

and II, = and K,, denote the radial component of the viscous
and stress tensors, respectively. On assuming that thermal
protons lose energy due to charge exchange with interstellar H
and that heating by turbulence occurs only for the thermal gas,
we can separate the thermal gas pressure terms to obtain the
stationary spherically symmetric thermal pressure equation,

dPR, kT;
U— + ~, P——(rzU) —vip— + (x— DS. (19
dr nmy
Similarly, the pickup proton pressure equation is given by
1
3r 2.2

d de ou
x —| r2K,, — (v, — DI, £
dr( dr ) Op = Dllpyy or

+ (p — DS+ vip + vEp,)
ikﬁ] », KD

dF,
U—=+mh (r2U)

V. pp m— . (20)
14

Lo e
X(Z(UH U)+

mp

For the large-scale or mean magnetic field, we assume an
azimuthal field only, governed by

. B(r) _rnfU !
~LauB) = e, 22 21
m r(rU) 0; e, By (Uo) , 21

where Uy = U(1 au) and By = B(1 au).

To evaluate the turbulence heating term S, we need to
describe the transport and dissipation of turbulence throughout
the heliosphere, ensuring that the appropriate sources of
turbulence are identified as well as that associated with pickup
ion creation in the distant solar wind. The turbulence transport
model we use is that of Zank et al. (2017). The current
paradigm for fully developed turbulence in the solar wind is
that it is a superposition of a majority quasi-2D component and
a minority slab component, e.g., Matthaeus et al. (1995). The
nearly incompressible (NI) reduction of MHD in the plasma
beta 3, ~ 1 regime, appropriate to most of the solar wind,
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shows that such a decomposition (quasi-2D plus slab) arises
naturally in the presence of a sufficiently strong guide magnetic
field (Zank & Matthaeus 1992, 1993; Hunana & Zank 2010).
The stationary form of the NI MHD transport equations
describing the evolution of the majority quasi-2D component in
a spherically symmetric solar wind with an azimuthal magnetic
field can be expressed as (Adhikari et al. 2017; Zank et al.
2017)

d 1(2U dU
U_<Zooi2> + _( + )< oci2>
dr 2\ r dr

2U dUu
+ by + — ED
2\ r dr

1 14
— (o) ((gH2) — ER)— Py

2 p, dr
<Zoc:t2> <Zooi2>1/2 <Z>|<j:2> <Z>|<q:2>1/2

/\i NkE
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pdls 1 (ZU aIU)Loio

1 dp,
py dr

+ %(zwﬂ)l/z(L“ 2LH—— =0 (24)

dr 2

_+_

oo
UdLD 1 (ZU dU)LD
r dr

1(2
+—(—U+°2—U)(L++L )

2\ r r

= SUF () + ((x2)2) = 2Lt

1 dp,

—2L= <Zoc+2>l/2)
ps dr

=0. (25)
Here, 2% = u™ 4+ B>/ [[i,p, are the forward and backward
Elsisser variables, combining the quasi-2D fluctuating velocity

field >~ and the fluctuating magnetic field B> through the
fluctuating  (turbulent) Alfvén velocity B>/ [uyp,. The
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variance of the fluctuating Elsdsser variables is denoted by (z00+2),
where the operator (-) averages over small scales and high
frequencies. The quasi-2D residual energy (or energy difference)
is defined by Ep° = (z°F - z207) = (u=2) — (B>?) /(110 p,)-
The total fluctuating quasi-2D energy is denoted by E;° =
((zot2) + (z072))/2, and the quasi-2D correlation lengths
Af are related to the correlation functions LI through
LE = (z0o*%) \Z. Finally, L7’ is a correlation function related
to the residual energy. The energy for the forward and backward
slab Elsisser variables (z*%2) and the slab correlation length X**
are discussed further below. However, we note that the quasi-2D
and slab components are coupled, capturing the 3-mode coupling
(Shebalin et al. 1983; Zank et al. 2017) that governs spectral
transfer in the inertial range. This is expressed by the source-like
terms in Equations (22) and (23) that contain the slab variables.
Equations (22) and (23) contain genuine source terms associated
with stream shear (Adhikari et al. 2017; Zank et al. 2017), where
Ci denotes the strength of the stream-shear source of forward or
backward quasi-2D fluctuations, |AU| the characteristic velocity
jump across the stream, and V, the large-scale Alfvén speed. A
lengthy derivation and discussion of these equations can be found
in Zank et al. (2017) and specific solutions appropriate to a
prescribed large-scale solar wind can be found in Adhikari et al.
(2017).

The minority slab component steady-state spherically
symmetric equations take the form (Adhikari et al. 2017; Zank
et al. 2017)

k42
v &g 1)( + ld—U)
r 2 dr
X<Z>I<i2> + (3b — l)(z_U + d_U)ED
2)\r dr
+2\1/2
_ l((z*i2> _ EE)M%
2 Py dr
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where the starred quantities are the slab turbulence versions of
the “00” quantities of quasi-2D turbulence. Were it not for the
assumption of an azimuthal magnetic field, the large-scale
background Alfvén velocity would typically enter the slab
turbulence equations explicitly, introducing singular behavior
when U = V, (Zank et al. 2012a, 2017, 2018; Adhikari et al.
2015, 2017). A structural similarity parameter b associated with
the Alfvén velocity is present (Zank et al. 2012a). Note that the
slab equations for the forward and backward Elsdsser energy
densities (26) contain a source term corresponding to the
excitation of turbulence by the creation of PUIs (Zank et al.
2017). The residual energy Equation (27) does not contain a
source term associated with PUI driving since the fluctuations
are Alfvénic. We note too that, unlike the slab formulation used
in Zank et al. (2017) and Adhikari et al. (2017), stream-shear
source terms are present. In applying the NI MHD turbulence
transport theory to the problem of cosmic ray mfps in the
supersonic solar wind, Zhao et al. (2017) found that the cosmic
ray diffusion coefficients calculated without a slab stream-shear
source are much larger than the values observed (Palmer 1982;
Reames 1999). Accordingly, they therefore included the
stream-shear source in the slab model to obtain reasonable
cosmic ray diffusion coefficient values. In view of the Zhao
et al. (2017) result, we include an appropriate stream-shear
source term in the slab model equations.

The incorporation of dissipative heating via turbulence is
incorporated in the 1D thermal plasma temperature transport
equation through (Adhikari et al. 2015)

drT; 1 d 1 (s—1)

U= + (v lT—— r2U viT, + —=8;, (30
o (" ) ) = ) » (30)

un

where v, = 5/3 is the adiabatic index, m,, the proton mass, and
k Boltzmann’s constant. This equation is derived directly from
the thermal pressure Equation (19) after assuming the ideal gas
law, P, = 2n¢kT; and equal proton and electron temperatures.
The turbulent heating term for the thermal plasma is given by
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(Hossain et al. 1995; Verdini et al. 2010; Adhikari et al. 2015)
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and « is the von Karman-Taylor constant, taken here to be
a = 0.2. That it is only the thermal plasma that is heated
dissipatively by low-frequency turbulence is not entirely
obvious, but we suppose that the dissipation scale is where
heating of the plasma occurs, i.e., at the end of the turbulent
cascade in wave number space. The implication is that the
dissipation is due to the interaction of very large k (very small-
scale) fluctuations with the background protons. Since the
dissipation has to be some form of wave/fluctuation-particle
interaction that occurs on such small scales, the protons cannot
be very energetic (unlike the 1keV PUI protons), i.e., only
particles that have rather small speeds v can interact with the
very small-scale fluctuations. Recall that the PUI distribution is
a (possibly filled) shell distribution centered on zero—see for
example, Figure 3.2 in Zank (1999)—in the solar wind frame.
Because the turbulence is advected in the background solar
wind flow, we need to consider the dissipation of turbulence in
that frame. Consequently, the only cold protons that are
accessible at the end of the turbulent cascade are solar wind
protons, since the PUIs have energies ~1 keV due to pickup.
Of course, with adiabatic cooling, there may be some fraction
of colder PUISs that will be heated by turbulent dissipation, but
it is unlikely to affect the >10°K mean temperature of the
PUIs. Hence, we interpret this to mean that it is the core
thermal solar wind protons that experience the turbulent
dissipative heating and not the hotter PUIs. The PUIs can of
course gain energy through, e.g., second-order Fermi accelera-
tion instead, so they can provide a dissipative avenue too, but
of a different kind. We do not consider this latter possibility
since it is related to the possible acceleration of PUIs, which is
distinct from the turbulence considered here.

Since the SWAP instrument suite can measure the thermal
solar wind density variance in the distant heliosphere, we
consider too the heliocentric evolution of the fluctuating
density variance (p>°?) in the NI MHD formalism (Hunana &
Zank 2010). The steady form of the density variance transport
equation is (Zank et al. 2012b, 2017; Adhikari et al. 2017)

d 1 dp,
U (p3%) = 2o ) 2L 2 ()
dr P, dr
(2U dU) (uoe2)!/2 (poe?)
x| =+ —=|=—"F—=°
r dr L
2
ry|AU|
+ (P05 + 1 (2o
X 2 OnHO exp(i). (32)
VA TionMlsw r
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Here, we have introduced two source terms for the density
fluctuations, one associated with their possible excitation by
stream shear with a strength 77, and the other with fluctuations
associated with the pickup process (Adhikari et al. 2017; Zank
et al. 2017). The variance in the quasi-2D velocity fluctuations
(u>?) is present in Equation (32), together with the correlation
length £, for the velocity fluctuations. The equations describing the
evolution of (12} and £, are derived from Equations (22)—(29).
Indeed, the following useful quantities can be derived from the
turbulence variables above:

<Zoo,*+2> + <Zoo,>)<72>

Ef = 2 = (uo*) 4 (B*2 g py);

~ Zoo,*+2> _ Zao,*—Z N .
EC,*5< 2< >:2(u L BF ] TT0ps)s
rjc’* _ <uoo>k2> _ E]:go,* + EBO,*.

(B>*[puop,)  EF* — Ep”*
(uor2y = X"+ B <B°°ﬂ*2 > _ES - B
2 Ho Py 2

poo _ BT+ EON + (Ef — EN + Ep Xy

‘ 2EX + EY)

e = (Ef° + EXX + (Ef° — ER)X — EX )Y

2(Er° — Ep)
(33)

In the above, E7 denotes the total energy in either the quasi-2D
or slab components, Ec the cross-helicity, often expressed as
the normalized cross-helicity o, = E./E7, ra is the Alfvén
ratio, op = Ep/Er the normalized residual energy, and ¢, the
correlation length for fluctuating magnetic field variance.

PUISs both drive turbulence in the distant heliosphere as well
as decelerate the bulk solar wind flow through the transferal of
momentum and energy to the PUIs themselves, and they form a
thermally dominant non-equilibrated suprathermal plasma
component. The driving of turbulence by PUIs leads indirectly
to the heating of the thermal solar wind plasma. This
complicated coupling of the bulk solar wind, low-frequency
solar wind turbulence, and the PUI distribution is captured by
the model Equations (14)—(17), (19)-(21), and (22)—(32).

3. Evolution of the Solar Wind from 1-75 au

The Equations (14)-(17), (19)—(21), and (22)—(32) that
describe the evolution of the bulk solar wind and the associated
turbulence are solved from 1-75 au. Over this large distance,
the PUI heat conduction and viscous terms can safely be
neglected for a steady-state model, i.e., we set both K,, = 0 and
II,,. = 0 in this section. For an unsteady model in which, e.g.,
shocks are present, then the heat conduction and viscous terms
should not be neglected since they determine the individual
shock characteristics (structure, heating of PUIs and thermal
gas, for example). The predicted steady-state solutions are
compared to both Voyager 2 plasma and magnetometer data
and NH plasma data. The boundary values that we assumed at
1 au are tabulated in Table 1 and the assumed values of the
various parameters that enter the turbulence transport equations
are listed in Table 2.

The panels plotted in Figure 1 depict the large-scale plasma
variables (the number density, radial component of the flow
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Table 1
Boundary Values at 1 (=rp) au for the Thermal Plasma, Magnetic Field, and
Turbulence Variables

Quasi-2D Core Model Equations Slab Model Equations

(zoot2) 1600 km? 52 (z++2) 400 km? s ™2
(z0o72) 160 km? s> (zx72) 40 km? s>

Ex —80 km? s> E} —20 km?* s>
LY 2.95 x 10° km*s™2 Ly 2.95 x 10%km®s~2
Ly 2.65 x 108 km? s> Ly 1.66 x 10% km® s>
LY —1.7 x 108 km® s 72 L} —422 x 10" km®s 2
(p>?) 3.5cm™®

U 440 km s~ !

ny 7 cm™3

n, 3 x 107* n exp(—L/ry) cm >

Py 107! kg m~! s72 (Pa)

P, 2.7 x 107" n exp(—L/ro) kg

m~! s72 (Pa)

Table 2

Model Parameters That Enter Equations (14)—(17), (19)—(21), and (22)—(32)
Parameters Values Parameters Values

b 0.22 Vpo 1.5 x 1077 s7!
C4 0.45 . 10°s

Ca 0.45 nd 5cm
cho —0.25 ny 0.1 cm™
Cc*J 0.16 Uy 20 kms ™'
C*g, 0.16 Ty 6500 K

Cc* b —0.1 7 1.8 x 1072
o 0.18 M 5% 1073
AU 200 km ! a 0.2

Vio 54 km s~ ! Veo 2 x 107" cm?
L 7 au

velocity, the pressure, and the temperature) as a function of
heliocentric distance r. The solid black curves denote thermal
solar wind quantities and the red PUI quantities. The blue plus
symbols denote Voyager 2 observations from 1-75 au, the
green plus symbols denote NH SWAP measurements of the
thermal solar wind, and the red plus symbols the NH SWAP
measurements of PUIs. A detailed discussion describing the
data analysis used for the Voyager 2 observations can be found
in Adhikari et al. (2015, 2017), and this analysis was extended
to the SWAP data. Each panel comprises two plots, and each
plot shows the theoretically predicted results. The top plot of
each panel shows Voyager 2 data from 1-75 au and the lower
plot shows NH SWAP data from 11.26-38 au. The two data
sets are completely independent but we illustrate the spatial
region where they overlap. We emphasize that the same
theoretical model derived curves are used in all plots.

The solar wind and PUI number densities exhibit the well-
known radial heliocentric dependence (n o< r 2, and n,
increases to a maximum value at ~12 au and then very slowly
decreases as the solar wind expands radially outward)
(Holzer 1972; Isenberg 1986; Khabibrakhmanov et al. 1996;
Zank 1999). The model and observations match well overall.
Some solar cycle dependence is exhibited in the thermal plasma
density, but this is more evident in the Voyager 2 velocity
profile. Shorter timescale variation is present in the PUI density
observations, most likely associated with interplanetary shocks
or streams.

Zank et al.

The top right and bottom left panels of Figure 1 plot the
theoretical thermal and PUI pressures and temperatures,
respectively. Both the thermal pressure and temperature are
interesting in that they exhibit a change in the rate of cooling at
~20 au. As has been discussed already (Williams et al. 1995;
Matthaeus et al. 1999; Smith et al. 2001; Breech et al. 2008;
Isenberg et al. 2010; Adhikari et al. 2015, 2017), the inclusion
of the additional dissipation associated with the driving of
turbulence by PUIs (Zank et al. 1996) is responsible for the
heating of the outer heliospheric thermal plasma. The
importance of this additional heating by turbulence can be
seen from the dashed line curves plotted in the pressure and
temperature panels of Figure 1. The dashed lines show the
thermal pressure and temperature profiles in the absence of
turbulent heating. The difference between the theoretical curves
(and observations) with and without turbulent heating is quite
striking. The agreement between the theoretical and observed
Voyager 2 pressure and temperature is very good. A slow
flattening in the thermal pressure profile, while not as evident in
the NH SWAP data, appears to be consistent with the predicted
flattening shown by the model, as does the thermal plasma
temperature increase. Both the PUI pressure and temperature
are clearly consistent with those observed, the PUI temperature
being more than two orders of magnitude higher than that of
the thermal pressure.

One interesting point about the temperature plots is that our
model assumes explicitly that the dissipation of PUI-driven
turbulence occurs only in the thermal plasma, i.e., the
dissipation of low-frequency turbulence does not heat the
PUIs. However, the PUI temperature and pressure plots do
indicate a turn-up in the PUI temperature near 38 au, and this is
not consistent with the model presented here. We do not
introduce a turbulence dissipation or heating term into the PUI
temperature equation, as we do for the core thermal solar wind
ions, for the reasons outlined above. There appear to be several
possible explanations for a PUI increase in temperature. The
first is that we do not understand the nature of turbulent heating
in a non-equilibrated plasma system, and it may be entirely
possible that the hotter distribution of PUIs may experience
some heating despite their already high temperature. A second
and perhaps more plausible explanation may be that the PUIs
are further energized by some form of second-order Fermi
acceleration related to counter-propagating Alfvén waves
(Bogdan et al. 1991; Le Roux & Ptuskin 1998). A third
possibility is that some form of further acceleration of PUIs
related to the preferential reflection and subsequent energiza-
tion of PUIs by interplanetary shocks (Zank et al. 1996), as has
been observed by the SWAP instrument (Zirnstein et al. 2018),
may account for the observed increase in the PUI temperature.

Solar wind variation is clearly evident in the solar wind
speed plot. The theoretical radial velocity plots show the well-
known expected gradual deceleration of the solar wind due to
charge exchange (Wallis 1971; Holzer 1972; Isenberg et al.
1985; Isenberg 1986; Khabibrakhmanov et al. 1996;
Zank 1999), which is not easily discerned from the observa-
tions—however, see the analysis presented by Richardson et al.
(2004).

Figure 2 shows plots of various turbulence quantities
predicted by the model and compared to the corresponding
values derived from Voyager 2 observations (see Adhikari et al.
2017) from 1-75 au. All these plots require magnetic field data,
which unfortunately NH cannot provide. These plots are shown
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Figure 1. Plots of the theoretical model are compared to the bulk or background plasma observations from the Voyager 2 plasma instrument taken between 1 and
75 au (top plots of each panel) and from the NH SWAP instrument between 11.26 and 38 au (lower expanded plots of each panel). Top left: curves showing the
predicted large-scale background thermal plasma number density n, (black curve) and the predicted PUI number density n, (red curve) together with the Voyager 2
observed thermal plasma number density (top plot) and the NH SWAP observed thermal plasma number density and PUI number density (bottom plot). Top right:
predicted thermal plasma and PUI pressure plots compared with the thermal pressure observed by Voyager 2 (top), and the thermal and PUI pressure observed by NH
SWAP (bottom). The dotted lines in the upper plot show pressure solutions in the absence of turbulent heating. Bottom left: Predicted temperature plots of the thermal
background plasma (black line) and PUIs (red line) compared to Voyager 2 observations (top), and compared to NH SWAP observations (bottom). The dotted lines in
the upper plot show temperature solutions in the absence of turbulent heating. Bottom right: Predicted background solar wind radial speed U compared to that

observed by Voyager 2 (top) and NH SWAP (bottom).
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Figure 2. Various turbulence quantities and their comparison with Voyager 2 derived observations based on the parameters used in Figure 1. Top left: variance of the
outward propagating Elsisser variable energy density, (z+2). Solid and dashed curves correspond to 2D and slab turbulence quantities, respectively, and the dashed-
dotted curve to the sum of 2D and slab quantities. Top right: variance of the inward propagating Elsésser variable energy density, (z=2). Second panel down, left: total
energy in turbulent fluctuations Er = ((z+2) + (z72))/2. The 2D (solid line), slab (dashed), and total (dashed-dotted) components are plotted. Second panel down,
right: normalized residual energy op for 2D and slab components. Third panel down, left: normalized cross-helicity o, for 2D (solid) and slab turbulence (dashed).
Third panel down, right: Alfvén ratio r, for 2D and slab turbulence components. Bottom left: the variance in magnetic field fluctuations (B2) for the 2D (solid), slab
(dashed), and total (dashed-dotted), i.e., the magnetic energy density.
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in part for completeness since this particular model, addition-
ally constrained by the SWAP thermal plasma and PUI
observations, is a little different from that presented by
Adhikari et al. (2017). In deriving their model solutions for
transport of turbulence throughout the heliosphere, Adhikari
et al. (2017) assumed that the background radial solar wind
speed U was constant. Of course, as we have seen, the
inclusion of PUIs in the solar wind yields a gradual
deceleration of the solar wind radial speed, together with
corresponding modifications to the background density and
magnetic field. Inevitably, the heliocentric dependence on these
background variables has an effect on the detailed transport of
turbulence, and this is illustrated in Figure 2. A side-by-side
comparison of the corresponding figures in Adhikari et al.
(2017) with those of Figure 2 illustrates the differences quite
clearly. We mention a few briefly below.

The top two plots of Figure 2 show the energy density in the
forward and backward Elsésser variables. The solid lines show
the majority 2D component and the dashed lines the minority
slab turbulence contribution. The sum or total energy density is
depicted by the dashed-dotted line. As usual, the blue symbols
are values derived from Voyager 2 observations. There is little
difference between the Adhikari et al. (2017) and the Figure 2
evolution of the majority quasi-2D component qualitatively or
quantitatively. However a clear difference in the evolution of
the slab turbulence is apparent for both forward and backward
Elsdsser energies. The pronounced minimum at about ~4 au
that is present when a constant radial solar wind flow speed is
assumed is essentially absent when the solar wind is mediated
by PUIs. Similar remarks apply to the total energy E7. The
normalized residual energy o is similar qualitatively to that
presented by Adhikari et al. (2017), but quantitative differences
in both the evolution of the quasi-2D and slab components are
apparent, with, in both cases, a slower decrease toward a
magnetically dominated state within ~3au, is due to the
inclusion of shear driving of the slab turbulence. Similar
comments hold for the Alfvén ratio r,. The normalized cross-
helicity o, results are a little different, particularly within
3—4 au, but this may stem simply from using slightly different
boundary values at 1 au and the inclusion of shear driving of
slab turbulence. We note that the slab turbulence, even when
driven directly by the creation of PUISs in the outer heliosphere,
remains very much a minority component compared to the
quasi-2D turbulence. The differences in behavior that indirectly
affect the quasi-2D component through the appropriate source
terms are evident in the o, op, and r slab turbulence plots.
This gives a quite complete characterization of the macroscopic
turbulence state throughout the heliosphere. The bottom panel
illustrates the radial dependence of the fluctuating magnetic
field variance, indicating that theory and observations are
consistent, which is now a well-known result (Zank et al. 1996;
Matthaeus et al. 1999; Smith et al. 2001). Further discussion of
plots like those in Figure 2 can be found in Zank et al. (2017)
and Adhikari et al. (2017), the latter of which also provide as
full description of the data analysis.

Fluctuating thermal plasma quantities and the correlation
functions are plotted in Figure 3. As in Figure 1, the top plots
of each panel show results from 1-75 au, and the bottom plots
from 11.26-38 au. The top left panel shows the theoretical
density variance (p>°?), which appears to match the derived
Voyager 2 observations rather well, but seems to underestimate
slightly the SWAP-derived values. A very slight bump can be
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seen in the theoretical plot of the density variance, which is not
exhibited in the corresponding plot shown in Adhikari et al.
(2017). This is because we use slightly different values for the
parameters 7; and 7, here and no physical significance should
be ascribed to the bump. The top right panel shows the variance
in velocity fluctuations, for the majority 2D, minority slab, and
total fluctuating fields. The velocity variance observations
exhibit quite a large scatter. The theoretical curves appear to be
a little higher than the observed SWAP values, although not
significantly. Part of the reason for the small differences
between the model and the variances derived from the SWAP
data may be related to our using a single set of boundary values
(Table 1) to compare to the Voyager 2 and NH data sets. The
Voyager 2 observations are taken from 1983—-1992 and those of
NH from 2008-2017 for the radial heliocentric distance
interval 11-38 au. The solar cycle observed by NH was much
weaker than that observed over this distance interval by
Voyager 2 (Lockwood et al. 2011; Zhao et al. 2014; Zhao &
Zhang 2015).

It is quite possible that some of the Table 1 boundary values
should be adjusted to better reflect the solar wind conditions at
the time the SWAP observations were made. The solar wind
radial speed correlation length is plotted in the lower left
panels. The correlation length of the velocity fluctuations is
calculated from the 2 minutes resolution SWAP data, which is
only available around ~32.78 and 37 au. The lower resolution
data did not provide as good results. Finally, the bottom right
panel shows the correlation functions for the quasi-2D and slab
turbulence. The LE and L;f correlation lengths are all positive,
whereas the L;° and L} are both negative functions from
1-75 au. Notice that L;° is a minimum at the same heliocentric
location as the quasi-2D residual energy Ej° is a minimum. The
same is true of L} and Ej;.

Finally, for completeness again, we plot in Figure 4 the
various correlation lengths pertaining to the magnetic field and
compare them to values derived from the Voyager 2
observations. For further details, we refer the reader to Adhikari
et al. (2017).

4. The PUI-mediated HTS

The model Equations (14)—-(17), (19)—(21), and (22)—(32)
provide us with the boundary conditions upstream of the HTS.
In this section, we solve the model equations to a heliocentric
distance of 84 au, the distance at which Voyager 2 crossed the
HTS, and use the plasma values to compute the expected
structure of the quasi-perpendicular HTS when mediated by
PUIs. The upstream HTS boundary conditions are listed in
Table 3.

The basic equations governing the structure of shocks
mediated by PUIs were derived by Zank et al. (2014, 2016) and
Zank (2016) and used by Mostafavi et al. (2017b) to examine
the structure of energetic particle-mediated shock waves,
including the HTS. Of particular importance is that the non-
isotropic PUI distribution introduces both a collisionless heat
flux and viscosity that provides the basic dissipation that
governs the structure of shock waves.

The one-dimensional continuity, momentum and pressure
equations governing the non-thermal PUIs and the isotropic
thermal background gas are given by (Zank et al. 2014, 2016;
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Figure 3. Same format as Figure 1. Comparison of predicted plasma turbulence quantities that can be compared to those evaluated from Voyager 2 (upper plot of each
panel) and NH SWAP (lower plot of each panel) observations. Top left: the variance in thermal solar wind density fluctuations (pfz) compared to Voyager 2 and NH
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compared to Voyager 2 and NH SWAP observations. Bottom left: plot of the predicted correlation length for velocity fluctuations ¢, compared to that derived from
Voyager 2 and NH SWAP observations. Bottom right: plot of the theoretical correlation functions L, Ly, and Li>* for the quasi-2D and slab turbulence
components.
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turbulence.

Table 3

Boundary Conditions Upstream of the HTS Derived from the Solar Wind
Model Evaluated at 84 au and the Corresponding Downstream State Obtained
by Solving the PUI-mediated Rankine-Hugoniot Conditions (Mostafavi et al.

2017b)
HTS at 84 au
Parameters Upstream Downstream
Total density (cm™3) 0.00125674 0.0034303975
Thermal gas temperature (K) 2.8397 x 10* 1.514 x 10°
PUI temperature (K) 3.0256 x 10° 2.6828 x 107
Thermal solar wind pres- 3.933 x 10716 2.09703 x 10°15
sure (kg m~!s2)
PUI pressure (kg m~!s~2) 1.0478 x 10~ 14 9.290763 x 1014

Magnetic pressure (kg m~'s72) 2.485074 x 10715

1.851498 x 10714

Zank 2016; Mostafavi et al. 2017b)
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where p is the total density (sum of PUI and thermal gas
density) and the collisionless PUI viscosity 11, and heat flux K,
transport coefficients are included (for more details see Zank
et al. 2014; Zank 2016; Mostafavi et al. 2017a, 2017b). The

one-dimensional form of the viscosity term for a perpendicular
1 du

shock may be expressed as II, = 3 ar (Mostafavi et al.
2017b; Mostafavi & Zank 2018). us is the coefficient of the
PUI collisionless viscosity and can be approximated as F, Ty,
where 7 is a characteristic scattering time for PUIs by slab
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Figure 5. Smoothed shock transition corresponding to model derived upstream HTS parameters when both the PUI heat flux and viscosity are included. Top left:
inverse compression ratio showing the smoothed shock. Top right: PUI, thermal gas, and magnetic pressure normalized to the thermal gas pressure far upstream.
Bottom left: the PUI temperature through the shock as a function of distance. Bottom right: the thermal gas temperature through the shock as a function of distance.
Here, v, = 5/3, 7, = 5/3, By1 /P = 26.636, y; = Bfl/(,uopl U%) = 0.03144, where yy is the square of the inverse Alfvénic Mach number of the flow far upstream of

the shock, and M;; = /p, U3 / YeFer = 15.527 is the thermal gas Mach number far upstream.

turbulence (Zank et al. 2014). We assume constant values for
the PUI heat flux and viscosity coefficients, being given by
K, =3.38 x 10" m? 57! and 7, = 2.76 x 10~'2 kg/ms, for
simplicity. This yields a Schmidt number (=7, /p, K),) of 0.038.
We neglect the PUI source terms through the shock.

From the conservation form of Equations (34)—(37), we can
determine the downstream state from the upstream state of the
solar wind at 84 au as derived from our solar wind model. Both
the upstream and related downstream states are tabulated in
Table 3. The shock structure Equations (34)—(37) allow us to
compute the structure of the HTS when mediated by PUIs,
connecting the upstream to the downstream state. [llustrated in
Figure 5 is the shock transition showing that PUIs completely
mediate and smooth the shock over a scale length ~K,/U,;
(where U, is the upstream flow speed), which, from Figure 5, is
found to be about 3.5 x 10° km. Such a shock thickness is
consistent with observations of the second of the Voyager 2
termination shock crossings, TS-2, that showed the thickness of
the TS-2 shock was ~3 x 10° km (Richardson et al. 2008).
The top left panel shows the inverse compression ratio,
indicating that the HTS is relatively weak with a compression
ratio of ~2.73. This value is a little larger than quoted by
Burlaga et al. (2008) in their estimate of the HTS compression
ratio. The top right panel })lots the normalized PUI, thermal
gas, and magnetic field (B~/2pp) pressures through the HTS.
The pressures are clearly dominated by the PUI component,
and the upstream ram energy of the supersonic solar wind is
converted primarily to heating the PUIs. The thermal plasma
remains relatively cold. Downstream of the HTS, the thermal
gas temperature is predicted to be ~1.514 x 10° K, consistent
with Voyager 2 measurements of the downstream thermal
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plasma temperature (Richardson 2008; Richardson et al. 2008)
versus a downstream PUI temperature of ~2.6828 x 107 K.
The latter temperature is consistent with the kinetic estimate
derived by Zank et al. (2010) based on the preferential
reflection of PUIs by the HTS cross-shock potential (Zank et al.
1996).

5. Transmission and Generation of Solar Wind Turbulence
through the HTS

Having determined the structure of the PUI-mediated HTS,
we can use the predicted upstream turbulence conditions to
determine the transmission and generation of turbulence
downstream of the HTS. To address this problem, we solve
the 1D form of the turbulence transport equations of Zank et al.
(2017) in a planar geometry through the flow structure of
the HTS determined in Section 4. This is closely related to the
investigation by Adhikari et al. (2016a, 2016b) of the
interaction of solar wind turbulence with shocks in a high
plasma beta regime, except here extended to a two-component
quasi-2D—-slab turbulence model.

The relevant stationary 1D equations for the quasi-2D
component of the turbulence may be expressed as

cot2
UM ld_U<Zooi2> + ld_UEBO
dx 2 dx 2 dx
d
— %(<Zoci2> — EY) <Zooi2>l/2id_ps
Py dx
00t2\ (rooF2\1/2 *22\ (kF2\1/2
s i A Rk A A (38)
00 *
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In Equations (38)—(41), the flow profile U (and thus p, dp, /dx,
and dU/dx) is now prescribed by the shock transition obtained
in Section 4.

The stationary 1D equations for the slab component are
given by
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where b = (0.22 is assumed.

In solving the two-component transport Equations (38)—(45),
it is convenient to fit a tanh function to the derived HTS
structure,

1 1 X — X0
U=—U + U,) — —(U; — Uy)tanh s 46
2(1 2) 2(1 ) ( Do ) (46)

where U; and U, are the upstream and downstream velocities,
Xo is the shock position, and Dy, is a shock thickness parameter
for the tanh fitting. For reference, we illustrate the derived tanh
form of the HTS transition (solid line) and overplot the solution
derived in Section 4 (open circles) in Figure 6, where we have
assumed Dy, = 10° km and shock compression ratio r = 2.73.
The turbulence parameters used as upstream values at 84 au are
tabulated in Table 4.

Plotted in the top two panels of Figure 7 is the change in the
energy density of the forward and backward Elsdsser variables
across the perpendicular HTS. The majority 2D component
experiences a nearly factor of 2 increase across the perpend-
icular HTS, which is significantly larger than that experienced
by the minority slab component. This increase is reflected in
the approximately factor of 3 increase in the majority 2D
fluctuating magnetic field variance, which is somewhat larger
than that of the minority slab magnetic field variance.
Similarly, the kinetic energy (velocity variance) in the majority
2D fluctuating velocity component experiences a large increase
(~2.9) compared to the slab component, which is relatively
unchanged across the shock. These results are intriguing in that
they suggest a large enhancement in the majority 2D
component across the perpendicular HTS, which might be
consistent with the possibility of additional particle acceleration
downstream of the HTS via reconnection-related processes
associated with quasi-2D turbulence (Zank et al. 2015).

The normalized residual energy op is plotted in Figure 8.
The plot shows that the majority 2D component transitions
from an upstream state of near equilibration (op ~ —0.04, i.e.,
magnetic and kinetic energy are approximately equal) to a
downstream state that is kinetically dominated (op >~ 0.45). A
similar but smaller change in the residual energy of the slab
component occurs across the perpendicular HTS. The cross-
helicity, as shown in Figure 8, is essentially unchanged across
the HTS.

The correlation length functions are changed very little across
the HTS, as illustrated in Figure 9. By contrast, because of the
change in the energy density of the Elsdsser variables, the
corresponding correlation lengths do change across the shock.

The change in the character of the supersonic solar wind
turbulence across the shock is interesting. Burlaga et al. (2006)
have suggested, based on Voyager 1 magnetic field observa-
tions, that a fundamental change in the nature of the
interplanetary turbulence occurs across the HTS. They found
that the distribution of magnetic fluctuations was essentially
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Figure 6. HTS structure derived in Section 4 (blue circles) is fitted by a tanh
function given by Equation (46) (red curve). The tanh form of the shock profile
is used to evaluate the transmission and generation of quasi-2D and slab
turbulence across the HTS.

Table 4
Boundary Values at 84 au Obtained from the Turbulence Transport Model of
Section 3

2D Core Model Equations Slab Model Equations

(z00%2) 49.79 km? s 2 (z++2) 14.25 km? s>
(z00-2) 48.41 km? s> (z%72) 14.04 km? s 2
EY —1.73km?s 2 E} —0.06 km? s 2
L 7.09 x 10% km® s~ Ly 4.84 x 10" km® s 2
L 6.79 x 108 km? s> Ly 391 x 107 km®s 2
Ly —1.39 x 10° km® s 2 L} —7.24 x 10" km® 52

Note. These values correspond to the turbulent state upstream of the HTS.

Gaussian downstream of the HTS, unlike the lognormal
distribution characteristic of the supersonic solar wind, that it
was almost isotropic, and had a significant compressible
component. By contrast, Burlaga et al. (2009) found that
magnetic field fluctuations observed by Voyager 2 downstream
of the HTS are different than those observed by Voyager 1 in
possessing instead a downstream lognormal distribution.
Nonetheless, Burlaga & Ness (2009) report that the down-
stream turbulence observed by Voyager 2 is also highly
compressive. Currently, it is not therefore understood on the
basis of Voyager 1 and 2 observations how turbulence in the
supersonic solar wind is changed on its transition through
the perpendicular HTS. Since a shock generates typically high
levels of compressible (magnetosonic) fluctuations downstream
of a shock (McKenzie & Westphal 1968; Zank et al. 2017), the
approach presented above neglects this important component.
Nonetheless, even in the context of an NI MHD turbulence
transport model, the increase in op from upstream to down-
stream indicates a greater increase in the downstream kinetic
energy density relative to the magnetic field energy density.
The upstream turbulence is not however isotropized as it is
transmitted through the HTS—instead, the majority quasi-2D
component becomes even more dominant downstream. It is
possible that the isotropization may rather be the result of the
generation of downstream magnetosonic modes by the HTS,
which, when superimposed with the NI quasi-2D majority
component yields an overall quasi-isotropic distribution in the
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magnetic field vector components. However, why Voyager 1
and Voyager 2 should observe quite different downstream
turbulent states is quite unclear.

6. Conclusions

There is a close coupling of PUIs, thermal solar wind
plasma, and the evolution of low-frequency turbulence
throughout the solar wind. PUIs and thermal plasma are not
equilibrated in the supersonic solar wind and must therefore be
treated as separate and distinct components. Furthermore, PUIs
form a nearly isotropic distribution and so contribute both a
collisionless heat flux and viscosity to the full plasma system.
Both can safely be neglected when evaluating the large-scale
solar wind flow, but both are of importance in determining
small-scale structures in the solar wind, such as the HTS. We
develop a very general theoretical model that incorporates
PUISs, solar wind thermal plasma, the interplanetary magnetic
field, and low-frequency turbulence to describe the evolution of
the large-scale solar wind, PUIs, and turbulence from 1-84 au,
the structure of the perpendicular HTS, and the transmission of
turbulence into the inner heliosheath. The theoretical model
results are compared directly to corresponding quantities
derived from Voyager 2 and NH SWAP data.

Our principle conclusions can be summarized as follows.

1. We have coupled a non-equilibrated thermal plasma-PUI
solar wind model to a model that describes the transport
and evolution of low-frequency turbulence throughout
the solar wind. Sources of turbulence include stream-
shear interactions and the PIU process in the distant
heliosphere. The turbulence model is based on the NI
MHD description of a majority quasi-2D and minority
slab component. The dissipation of turbulence results in
the heating of the thermal solar wind plasma.

2. The theoretical model is constrained simultaneously by
both Voyager 2 thermal plasma and magnetic field
observations from 1-75au and NH SWAP thermal
plasma and PUI data between ~11.26 and 38 au. For
both data sets, the theoretical thermal solar wind number
density and PUI number density solutions are in excellent
agreement. Despite large solar cycle variations in the
radial velocity, the theoretical steady-state model solu-
tions are consistent with both sets of observations.
Particularly striking is the agreement between theory
and observations in the thermal solar wind and PUI
pressure and temperature profiles. The Voyager 2
pressure and temperature profiles exhibit a flattening
and increase, respectively, between ~20 and 30 au,
extending to beyond 75au. This feature is very well
captured by the theoretical model and is a direct
consequence of the dissipative heating of the thermal
solar wind plasma by the turbulence generated by PUIs in
the distant heliosphere. The theoretical solutions match
the SWAP observations well, and in particular the PUI
pressure and temperature solutions demonstrate an
excellent match to the SWAP PUI measurements.
However, we note that the PUI temperature is increasing
slightly, although it is too soon to conclude that this trend
is persistent. If the PUI temperature increase continues
with increasing heliocentric distance, we have suggested
three possible explanations. The first is that turbulent
dissipation may be responsible despite the PUIs being a
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Figure 7. Turbulence intensities across the HTS, located at 84.02 au.

hot, non-equilibrated population, the second may be PUI
energization due to second-order Fermi acceleration, and
the third may be due to the preferential heating of PUIs
by interplanetary shocks.

. As noted above, the agreement between the theoretical
predictions and the PUI observations made by the SWAP
instrument are very good. The model uses ionization rate,
charge-exchange cross-section, and hydrogen ionization
cavity values that are physically acceptable. McComas
et al. (2017) used the Vasyliunas & Siscoe (1976)
solution to fit the SWAP PUI data, finding quite good
agreement although for a large range of (3, parameter
values. Some were thought to be unphysically large (see
in particular Figures 10 and 11 in McComas et al. 2017
and the related discussion). In part, the reason for the
large values of G, may stem from the assumption implicit
in the Vasyliunas & Siscoe (1976) model that the neutral
H population and the solar wind are cold and that
Uy = 0, which yields a source term of the form used in
Equation (1) of McComas et al. (2017) (see the Appendix
for the complete form of the transport equation in the
supersonic solar wind). In our formulation, as with that of
Holzer (1972) and Isenberg (1986), the solar wind is not
assumed to be cold, ensuring that the charge-exchange
terms source terms (11)—(13) are included separately from
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the photoionization source term. With this approach, the
theoretical model reproduces the observations well. For
more details, see the Appendix.

. For completeness, we compare in some detail the

turbulence transport model predictions with the derived
Voyager 2 observations. Unlike the Adhikari et al. (2017)
results, our results here are more complete in that we
compute the fully coupled feedback of PUIs, solar wind
thermal plasma heating, and turbulence evolution to
determine the background solar wind flow and density
necessary to solve the turbulence transport equations. In
Adhikari et al. (2017), we simply assumed a specified
constant solar wind speed. In this regard, the turbulence
transport results presented here are more complete. We
find that the theory and observations are consistent, and
for more accurately measured quantities such as the
magnetic field variance, the agreement is quite striking.
Despite the use of a fully coupled model, the turbulence
transport results are nonetheless very similar to those
presented by Adhikari et al. (2017), and so we do not
repeat that discussion here.

. The corresponding “kinetic energy” related turbulence

variables, i.e., the variance in the velocity and density
fluctuations (u?) and (p>?), can be compared to both
Voyager 2 and NH SWAP data sets. Despite the greater
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difficulty in deriving the velocity and density variances,
reasonable to quite good agreement is found between
theory and Voyager 2 observations, but the model tends
to overestimate (4>) and underestimate (p’) compared to
the SWAP data, although not very significantly. We
speculate that this may be a consequence of the SWAP
measurements being made during a during a weaker solar
cycle quite unlike prior solar cycles.

6. We use the theoretical model to extrapolate the plasma,
PUI, and turbulence solutions to 84 au, the distance at
which Voyager 2 crossed the perpendicular HTS. By
incorporating the collisionless PUI heat flux and
viscosity, we determine the structure of the HTS. We
find that the shock thickness is ~3.5 x 10°> km and that
the shock compression ratio is ~2.73. The downstream
shock pressure is dominated completely by the PUI
component, being heated to ~3.47 x 10" K across the
shock, whereas the thermal solar wind remains relatively
cold downstream with a temperature of ~1.55 x 10° K.
These results are similar to those presented by Mostafavi
et al. (2017b), although the transverse magnetic field is
now included. The shock structure and parameters
derived here are consistent with the parameters observed
by Voyager 2 during the second or TS-2 HTS crossing
(Burlaga et al. 2008; Richardson et al. 2008; Richardson
2008).

7. Finally, since PUIs mediate the structure of the HTS, we
can use the shock structure model to explore the
transmission of NI MHD turbulence across the HTS.
Our results show that the majority 2D component is
strongly amplified on shock passage compared to the
minority slab component. The normalized residual energy
increases from ~—0.04-0.45, i.e., the character of the
turbulence changes from a nearly equilibrated distribution
in kinetic and magnetic energy density (u?) ~ (b?)) to
one in which the downstream kinetic energy dominates.
The Voyager 1 and Voyager 2 observations related to the
transmission of turbulence across the HTS are somewhat
inconclusive, but it would appear that the generation of
compressible turbulence at the HTS, which is not
included in our approach here, should be incorporated.
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Appendix

We provide an outline for the derivation of the model used in
the body of this work. This allows us to address to the question
of the use of the Vasyliunas & Siscoe (1976) solution in fitting
the PUI data observed by NH SWAP. As discussed, the
predicted PUI-mediated solar wind model solutions used here
fit the SWAP data very well, with the exception of the upturn in
PUI temperature at ~35 au, using acceptable physical values
for the photoionization and charge-exchange rates. The
Vasyliunas & Siscoe (1976) solution used by McComas et al.
(2017) matches the SWAP observations for a range of [,
parameter values, some of which may be unphysically large.
The Vasyliunas & Siscoe (1976) solution is derived under the
assumption that both the neutral H and solar wind protons are
cold, i.e., Ty = 0 = T, which allows the photoionization and
charge-exchange source terms to be combined.

The effect of different choices of ([, is illustrated in
Figure 10. Shown in Figure 10 is a comparison of the data
and four models from 10-40 au. The black dots are observa-
tions from the NH SWAP instrument. The purple triangles are
2 au averaged results. Red lines and blue lines represent
moments of the Vasyliunas & Siscoe (1976) solution with
different choices of the rate fJ,: the red lines use
Bo=1.5x 107571, and blue lines By = 5.63 x 10 7s~!
(McComas et al. 2017). The lower value of (3, is a realistic
photoionization value, see, e.g., Bzowski et al. (2013) and the
higher value combines both photoionization and charge
exchange. The green and cyan lines are results from our PUI
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Figure 9. Correlation functions and the correlation lengths across the shock.

continuum, Equations (14)—(20). The green lines correspond to
setting the charge-exchange terms between the solar wind
protons and interstellar neutral H to zero.

In the first panel, the green line and red line overlay one
another. In the third panel, the red and blue lines are overlayed.
Evidently, our full continuum solutions are very close to the
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Vasyliunas & Siscoe (1976) results presented by McComas
et al. (2017) when the larger value of (3, (light blue and dark
blue lines, respectively) is used. When the the charge-exchange
source terms S; terms are set to zero, the continuum solution is
very close to the Vasyliunas & Siscoe (1976) results for smaller
0o values (green and red lines, respectively). The inclusion of
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the additional charge-exchange S. term has a similar effect as
increasing the rate (.

To illustrate the derivation of the model (1)-(13) from a
kinetic perspective and to explicate the origin of the charge-
exchange source term, consider pickup protons only. The
origin of pickup protons in the supersonic solar wind is both
solar wind protons, ST say, and pre-existing pickup protons,
Pt say, that experience charge exchange with interstellar
neutral H drifting through the heliosphere, shown schemati-
cally as

St+H— P"+ H;

Pt + HZ H+ P 47

Boltzmann’s equation for the pickup proton distribution
fp (e, v, 1) is

9, F
a—tp—l—wpr+Z-vap:

% +Sp"’1+6£ ,
ot e ot wp

(48)

where the collisional term with subscript ce corresponding to
the charge-exchange process (47) is expressed as (see also
Holzer & Banks 1969 and Khabibrakhmanov et al. 1996 for
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related expressions)

1o
%)Ce(l’) = fo'|v — v/lfH(V)fY(V/)dv’

+ [ ol — vif 0, 00

- f olv — V1, ) fiy ). 49)

Here, the distribution functions f, (x, v, ?), fy(x, v, t), and
f, @, v, 1) refer to solar wind protons, neutral H, and pickup
protons, v is the particle velocity, F' the force acting on the
particles, m the proton (and H) mass, and o the collisional
cross-section. As before, S’;h is the photoionization source term.
The other “collisional” term with subscript wp refers to PUI
scattering by magnetic turbulence and/or waves.

On assuming that the source and loss terms of charge
exchange between pickup protons and H are approximately
balanced and that o is independent of the proton and neutral
H velocities, Equation (49) simplifies to

,

o (50)

) ) ~ f alv — V| fy . 0.
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If we assume that the solar wind distribution function
f; (x, v, 1) is Maxwellian, i.e.,

s o= 0-UR/vi,,

fix, v, 1) = W

vry = +J3kT;/m the thermal velocity, then (Pauls et al. 1995)
e‘f2
v — V|, (v = ngvr| — + —|®©)
]ﬁ J; = +|¢ 5 3
= nsVTs\/4/7T + 52;

E=U—vP /v, (5D
and & is the error function. Hence, the Boltzmann
Equation (48) reduces to

o,
8_ +v- Vf -|- Vf = on,

4 o,
x \/;v% U = UaPfyy) + SP" + 6—:’) , (52)
wp

where we have assumed that the neutral H velocity in the
square root term can be approximated adequately by Uy.

On returning to the question of the Vasyliunas & Siscoe
(1976) solution, if we assume (i) a cold neutral H distribution,
(ii) a neutral H drift speed Uy = 0, and (iii) a cold solar wind
plasma, i.e., Ty = 0, the charge-exchange source term for the
PUIs becomes

o(v — U)

Sen(r, v) = ongUN (1) >

47y 43
On neglecting S,,;,, assuming that it is small compared to S,
Equation (52) is then equivalent to Equation (1) of McComas
et al. (2017) with an undefined 3, parameter. McComas et al.
(2017) assume that 8y o< r~2 or By = on,U.

By taking moments of Equation (52), one obtains the
corresponding fluid equations for the pickup protons, such as,
e.g., the continuity Equation (2). However, taking moments of
Equation (52) also introduces the problem of closure related to
the higher-order moments such as the pressure tensor and heat
flux terms. Since PUIs experience scattering in pre-existing and
self-generated turbulence, described by 6fp /6t)wp, the distribu-
tion function tends to relax toward isotropy. The simplest form
of the pitch-angle scattering operator is the Lorentz operator,

o) 91— 20

ot wp ou . ou)
where 7, denotes the turbulence/wave-particle scattering
timescale. Zank et al. (2014, 2016) and Zank (2016) use the
pitch-angle scattering operator (54) to solve for the distribution
function fp (x, v, t) in terms of an isotropic leading-order term
Jp0, plus first- and second-order corrections f,,; and f,,. This
expansion of the pickup proton distribution function yields a
Chapman-Enskog closure of the pressure tensor and heat flux
PUI terms, which introduces a first-order heat flux and a
second-order viscosity. This approach is presented in detail in
Zank et al. (2014, 2016) and Zank (2016), and yields
Equations (4)—(8).

(54)
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