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Abstract The solar wind is the extension of the Sun’s hot and ionized corona,
and it exists in a state of continuous expansion into interplanetary space. The
radial distance at which the wind’s outflow speed exceeds the phase speed of
Alfvénic and fast-mode magnetohydrodynamic (MHD) waves is called the Alfvén
radius. In one-dimensional models, this is a singular point beyond which most
fluctuations in the plasma and magnetic field cannot propagate back down to
the Sun. In the multi-dimensional solar wind, this point can occur at different
distances along an irregularly shaped “Alfvén surface.” In this article, we review
the properties of this surface and discuss its importance in models of solar-wind
acceleration, angular-momentum transport, MHD waves and turbulence, and
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the geometry of magnetically closed coronal loops. We also review the results
of simulations and data analysis techniques that aim to determine the location
of the Alfvén surface. Combined with recent perihelia of Parker Solar Probe,
these studies seem to indicate that the Alfvén surface spends most of its time
at heliocentric distances between about 10 and 20 solar radii. It is becoming
apparent that this region of the heliosphere is sufficiently turbulent that there
often exist multiple (stochastic and time-dependent) crossings of the Alfvén
surface along any radial ray. Thus, in many contexts, it is more useful to make use
of the concept of a topologically complex “Alfvén zone” rather than one closed
surface. This article also reviews how the Polarimeter to Unify the Corona and
Heliosphere (PUNCH) mission will measure the properties of the Alfvén surface
and provide key constraints on theories of solar-wind acceleration.

Keywords: Heliospheric base; Sun: corona; Sun: magnetic field

1. Introduction

The solar corona is a region of the Sun’s atmosphere defined by its high tem-
perature (T > 10° K), and the solar wind is defined mainly by the presence of
radially accelerating plasma that reaches supersonic speeds within a few solar
radii [Rg] of the solar surface. The corona is typically observed near the Sun with
telescopes, and the solar wind is typically probed further out with in-situ particle
and field detectors. Despite these historical differences, these two regions overlap
to such an extent that it often makes no sense to specify a dividing line between
them. Still, it is known that the strongest forces acting on the plasma undergo a
transition from being mostly magnetic, near the Sun, to mostly hydrodynamic —
i.e. depending on gas-pressure gradients and nonlinear inertial gas flow terms —
far from the Sun. A common way to quantify this transition is to locate the Alfvén
surface, the place where the radially increasing solar-wind speed [u] exceeds the
radially decreasing Alfvén speed [V4]. This article provides an overview of the
various ways that the Alfvén surface is significant to our understanding of the
physics of the heliosphere, and it also discusses past, present, and future attempts
to measure its detailed properties.

The topic of this article has been called by a number of different names. One-
dimensional and time-steady models talk about an Alfvén radius, an Alfvén
point, or an Alfvénic critical point. With multi-dimensional models came the
realization that there is no single radial distance that has this property, so the
community began discussing the Alfvén surface, or Alfvénic critical boundary,
as a closed but nonspherical “bubble.” The synonymous term heliobase was also
coined as a way to discuss the Alfvén surface’s role as an inner boundary condi-
tion for the larger heliosphere (Zhao and Hoeksema, 2010). We will tend to use
the symbol ra to refer to its heliocentric radial distance, and the regions of the
heliosphere with r < r5 and r > ra are called sub-Alfvénic and super-Alfvénic,
respectively. The vicinity of r ~ 4, which may contain multiple crossings of the
point at which u = Vi, is called the trans-Alfvénic region or Alfvén zone.

The present decade is an exciting time for studies of the Sun’s Alfvén surface.
Most notably, Parker Solar Probe (PSP: Fox et al., 2016; Raouafi et al., 2023)
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has been the first spacecraft to cross it and measure the properties of particles
and fields in the sub-Alfvénic region (Kasper et al., 2021). However, an in-situ
probe will never be able to measure the global three-dimensional (3D) shape
of the Alfvén surface. We anticipate the launch of the Polarimeter to Unify
the Corona and Heliosphere (PUNCH), a NASA Small Explorer mission that
will perform regular, global, deep-field imaging of the accelerating solar wind
(DeForest et al., 2022). One of the six main scientific questions to be addressed
by the PUNCH mission is: What are the evolving physical properties of the
Alfvén surface? PUNCH will produce the first global maps of the time-variable
shape of this key boundary region in the heliosphere, and Working Group 1C of
the PUNCH Science Team is in the process of preparing to make the most of
these measurements. This article provides a snapshot of the current state of the
science and a summary of plans for this objective moving forward.

Section 2 of this article discusses several different physical contexts in which
the Alfvén surface plays an important role. Section 3 reviews theoretical and
observational attempts to measure ra itself, and Section 4 speculates about
how the PUNCH mission will improve on the existing measurements. Lastly,
Section 5 concludes by discussing broader implications for other open questions
in heliophysics and astrophysics.

2. Definitions and Physical Processes

In Section 2.1, we define the various critical points found in solar wind models,
including the Alfvén radius. Then we discuss the importance of the Alfvén radius
to some key phenomena in the corona and solar wind, such as angular momentum
transport (Section 2.2), the evolution of waves and turbulence (Section 2.3), and
the Sun’s open/closed magnetic topology (Section 2.4).

2.1. Critical Points in a Time-Steady Wind

Here, we summarize the basics of how the solar wind is understood to accelerate
through several critical or singular points of the magnetohydrodynamic (MHD)
conservation equations. These points are related to the linear propagation of in-
formation through the system; i.e. they describe characteristics of the underlying
differential equations that govern the flow. For other insightful reviews of these
processes, see, for example, Hundhausen (1972), Sakurai (1990), Lifschitz and
Goedbloed (1997), and Owocki (2009).

Parker (1958) solved the time-steady system described by the spherically sym-
metric hydrodynamic outflow of an isothermal gas, with an equation of motion
given by

{ug} du _ [2C$GM®] 0

w | dr r 72

This equation shows how the radial outflow speed wu(r) behaves as a result of
both gravity (with gravitational constant G' and solar mass M) and the gas-
pressure gradient force (here parameterized by a constant sound speed ¢;). In
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this case, the flow is purely hydrodynamic (no magnetic forces), and the radial
acceleration du/dr remains finite when both terms in square brackets are zero:

GM,

2
2¢;

Uerit = ¢;  and 7o = (2)
This occurs at a “critical radius” that is equivalent to the point where the flow
transitions from subsonic (u < ¢;) to supersonic (u > ¢;). Note that a hotter
corona exhibits a larger value of ¢; and a smaller critical radius. In that case, the
outward gas-pressure gradient force exceeds the inward force of gravity sooner.
MHD effects play no role in the time-steady momentum equation if the magnetic
field vector is oriented parallel to the flow-speed vector. In the Parker (1958)
model, this situation would imply a radially oriented field.

Initially, Parker was criticized because the transonic critical-point solution
seemed unnaturally “fine-tuned.” Why should the Sun choose the one specific
acceleration trajectory that passes through both r¢it and weyit, rather than one of
the seemingly infinite other slower wind or “breeze” solutions where, say, u < ¢;
everywhere? However, when the actual inner and outer boundary conditions are
considered, Parker’s transonic solution turns out to be something akin to a stable
attractor — i.e. a solution toward which nonsteady solutions tend to converge —
whereas the other solutions exhibit instabilities (see, e.g. Velli, 1994, 2001; Keto,
2020). In addition, the critical point loses some of its importance when including
time-dependent terms back into the momentum conservation equation (see, e.g.
Suess, 1982; Holzer and Leer, 1997). In that case, the system tends to relax to
stable transonic acceleration without any regard for the supposed delicateness
of the critical solution.

The observational discovery of the supersonic solar wind (Neugebauer and
Snyder, 1962) supported Parker’s basic hydrodynamic approach. In the decade
that followed, the isothermal model was generalized to allow for radial variations
in temperature (Parker, 1964), as well as different temperatures for the ions
and electrons (Sturrock and Hartle, 1966) and directionally anisotropic pressure
tensors (Hollweg, 1970). Weber and Davis (1967) extended this kind of model
to two spatial dimensions; i.e. the equatorial plane defined by the Sun’s rotation
axis (see also Belcher and MacGregor, 1976; Sakurai, 1985; Tasnim and Cairns,
2016). Since this scenario allows for the vector magnetic field B and flow ve-
locity u to no longer be aligned, it can account for the coexistence of forces
from both gas-pressure gradients and the magnetic field (i.e. J x B). Thus,
a generally accelerating outflow may pass through up to three distinct critical
points corresponding to the phase speeds of obliquely propagating Alfvén waves
and fast/slow magnetosonic waves.

Figure 1la shows an example solar-wind model with its three MHD critical
points. The radial acceleration is described by the polar coronal-hole model of
Cranmer et al. (2007), in which the corona is heated by turbulent dissipation and
the wind is also driven by ponderomotive wave-pressure effects. This model has a
super-radially expanding magnetic field that is similar to that found in other low-
latitude parts of the corona; e.g. equatorial coronal holes and quiet-Sun regions.
The one-fluid temperature (i.e. the average of the proton and electron temper-
atures) is given by an observationally constrained set of curves from multiple
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Figure 1. Example one-dimensional solar-wind model, with quantities plotted vs. heliocentric
radial distance r, in units of solar radii Re: (a) radial outflow speed (black), sound speed (blue),
Alfvén speed Vi, = By /(4mp)'/? (red), and azimuthal flow speed (green); (b) locations of
MHD critical points shown with respect to both 7 and the Parker spiral angle ® (red and
blue curves), plotted alongside the self-consistent ®(r) for the Weber and Davis (1967) model
(green dot-dashed curve). In both panels, purple denotes the 8 = 1 surface (see text).

remote and in-situ measurements in the high-speed solar wind (Cranmer, 2020).
Figure la also shows the Weber and Davis (1967) solution for the azimuthal
velocity in the ecliptic plane,

(3)

ug(r) = Qr {M} |

M3 1

where the Alfvénic Mach number My = wu,/Va, and the angular rotation
rate at the Sun’s surface is Q = 2.9 x 1076 rad s=!. At low heights in the
magnetically dominated corona, the rotation is nearly rigid [ue ~ Qr], which is
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related to Ferraro’s (1937) law of iso-rotation. At very large heights, ballistically
flowing parcels of solar wind approach a state of angular-momentum conservation
[ug o< 1/r]. At intermediate heights, there must be a transition between these
two disparate states. Specifically, Ma = 1 at the Alfvén radius, so evaluating
ug requires L'Hopital’s rule. Making use of the fact that pM3 should remain
constant along a magnetic flux tube, and approximating the radial dependence
of the density as p oc 7=, one finds that

ugl(ra) ~ ra (”n2> | (4)

For the model shown, ra = 10.7 Rs, n = 2.37, and Equation 4 correctly gives
ug ~ 3.3 km s~!. This is about an order of magnitude smaller than what it would
have been if the corona continued to rotate rigidly up to the Alfvén radius.

It should be noted that different studies have used slightly different defini-
tions when determining the locations where My = 1. Weber and Davis (1967)
specifically used the ratio of the radial components w, and Vj ,, with the latter
computed from the radial component of the magnetic field B,.. Bandyopadhyay
et al. (2022) used u, and the magnitude of B, Cohen (2015) and Chhiber et
al. (2022) used the magnitudes u and B, and Keppens and Goedbloed (2000)
used only the poloidal (r and 6) components of both quantities. However, the
differences between these choices tend to be quite insignificant because both the
solar-wind flow and the magnetic field are both mostly radial at the distances
where 75 tends to occur.

Figure 1b shows how the radial locations of the MHD critical points vary as a
function of the Parker spiral angle ® between w and B. For a purely radial flow
and field (& = 0), the slow-mode magnetosonic critical point is just the classical
transonic critical point, and the Alfvén and fast-mode critical points coincide
with one another at the point where w, = V. However, the Weber and Davis
(1967) model provides a unique solution for ® as a function of radial distance,
which is illustrated in Figure 1b and given by

By ug — drsin 6

tan® = — =

B, o (5)

In the high-speed solar-wind model shown here, the field lines are still mostly
radial at the Alfvén radius; i.e. |P| = 2° at ra, and at that value the fast-mode
critical point is only about 0.007 Rs ahead of the Alfvén point.

Figure 1b also illustrates the location of the radial distance at which the
plasma § ratio approximately equals unity. Here, we apply the definition g =
c2/VZ, which is a version used frequently in collisionless plasma theory. Defining
the adiabatic sound speed as c;, this expression for 3 differs by only a factor of
1.2 from the MHD definition (the ratio of total gas pressure to magnetic pressure)
when the adiabatic exponent v = 5/3. For high-speed solar-wind models like the
one shown here, the g = 1 radius occurs well above the other critical points.
However, some slow-wind streams may experience additional crossings of § =
1 near cusp-like null points at the tips of helmet streamers (see Section 2.4).
DeForest et al. (2016) suggested that the heliospheric 5 = 1 radius is where
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large-scale turbulent plasma features undergo a major transition in geometric
aspect ratio. Specifically, below this point they take the form of magnetic-field-
aligned rays or striations, and above this point they become more isotropic
cloud-like “flocculations” unconstrained by the magnetic field.

There are a number of other factors that can affect the locations and prop-
erties of the critical points. As mentioned above, waves and turbulence exert
a ponderomotive force (“wave pressure”) that affects the location and speed of
the Parker critical point (Alazraki and Couturier, 1971; Belcher, 1971; Jacques,
1977; Isenberg and Hollweg, 1982). The existence of super-radial expansion of the
magnetic-field lines can give rise to the existence of multiple potential locations
of each critical point (Kopp and Holzer, 1976), and only a global examination
of the boundary conditions (i.e. what happens as r — o00) determines which
ones are actual critical points. Although Weber and Davis (1967) assumed a
spherically expanding solar wind, their expression for ug remains valid even
with super-radially expanding field lines. Note, however, that the detailed form
of Equation 3 changes when one takes account of additional ion species — e.g.
« particles — that flow at different speeds than the background proton—electron
plasma (Li and Li, 2006).

2.2. Angular Momentum Transport

The solar wind is primarily a source of mass loss for the Sun. On average, its
magnitude is [dMq /dt| = [M| =~ 10° kg s, or about 3 x 107 Mg yr—! (see,
e.g. Vidotto, 2021). However, because the Sun is rotating, the solar wind is also
associated with a continuous loss of angular momentum, which causes the Sun
to spin down over time. If the solar wind were released from the Sun’s surface
and immediately began to conserve angular momentum (i.e. if uy o< 1/r), the
rate of solar angular momentum loss would be

dJ 2 .

— = ZMQR? 6

dt 3 © > ( )
where the factor of 2/3 assumes a spherically symmetric outflow (see Matt and
Pudritz, 2005). However, Weber and Davis (1967) showed that a magnetized
solar wind increases the “torque lever arm” such that the total rate of angular
momentum loss is instead given by

dJ 2 .
i gMQri . (7)
Thus, since (ra/Rg)? ~ 100, this leads to several orders of magnitude more
rotational wind braking than was suspected to exist originally. Note that the
appearance of 73 in Equation 7 sometimes leads to the misconception that
the plasma remains rigidly rotating up to the Alfvén radius. The plot of u
in Figure la indicates that this is not the case. In fact, most of the increased
angular momentum transport in the Weber and Davis (1967) model is associated
not with the rotating plasma, but with Poynting stresses associated with By.
The present-day rate of rotational spindown for the Sun has been estimated in
various ways. Astronomers have measured rotation frequencies Q2 for solar-type
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stars of a range of ages t, and there seems to exist a power-law trend of )
t=1/2 that persists over billions of years (Skumanich, 1972; Barnes, 2007). This
relationship would be the natural result of Equation 7 if 74 o< B  Q and both M
and the Sun’s moment of inertia I remained constant over time; i.e. dQ2/dt o< —Q3
(Durney and Stenflo, 1972; Vidotto, 2021). More direct attempts to measure
dJ/dt from combinations of in-situ plasma and magnetic-field data (Pizzo et al.,
1983; Li, 1999; Finley et al., 2019; Verscharen et al., 2021b; Finley and Brun,
2023) have yielded results in adequate — but still not precise — agreement with
the basic theory. Usmanov et al. (2018) used 3D simulations to model d.J/d¢ and
showed that the presence of turbulence can also affect the total loss of angular
momentum. In addition, Tasnim et al. (2018) found that the near-Sun boundary
conditions used in simulations can have a strong impact on the resulting behavior
of angular-momentum loss in the heliosphere.

If the Sun is spinning down in a manner consistent with the Skumanich (1972)
scaling law [©2 o t~1/2], this would imply a rate of period increase of roughly 0.02
seconds per century. Such a change is currently unobservable, but it should be
noted that somewhat more rapid changes are observed for pulsars (e.g. Harding,
2013) and at least one main-sequence star (Townsend et al., 2010). For the latter
— the magnetic B2-type star o Ori E — the rate of period increase has been found
to be approximately 8 seconds per century, which appears to be consistent with
the models of rotational wind braking described above. When considering other
stars with a range of magnetic-field strengths, wind mass-loss rates, and rotation
rates, there arises an interesting “zoo” of dynamical phenomena that includes
shocked wind-fed disks, rigidly rotating stellar magnetospheres, and stochastic
competition between plasma infall and centrifugal breakout (see, e.g. Owocki,
2009; ud-Doula, 2017).

2.3. Importance to Waves and Turbulence

The Alfvén radius is an important internal boundary condition for models of
MHD fluctuations in the solar wind. For example, the simplest models of linear
Alfvén-wave evolution along radial field lines often show a local maximum in
the wave velocity amplitude in the vicinity of ra. Such models of WKB wave
action conservation (whose derivation does not require the use of the actual
Wentzel-Kramers—Brillouin approximation; see, e.g. Bretherton and Garrett,
1968; Jacques, 1977) find that, in the absence of dissipation, the wave energy
flux F = p’UiVA should behave as

B

1Mz

(8)

Since the quantity pM3 should also be constant along field lines, the transverse
velocity amplitude of the waves [v ] is given by

a1/
vy o p U4 (1—1—7) 9)
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where pp is the plasma density at 7. Thus, because p is monotonically decreas-
ing with increasing 7, v, increases with 7 below the Alfvén point (i.e. v, oc p~ /4
for p > pa). The velocity amplitude reaches a local maximum exactly at the
Alfvén point, and then it decreases above it, ultimately scaling as v, o pT1/4
when p < pa.

Plasma properties at r5 are also required when computing global models of
non-WKB wave reflection (Heinemann and Olbert, 1980). In an inhomogeneous
corona and heliosphere, some fraction of the energy in outgoing waves may be
reflected gradually and turned into inward-propagating waves. The Alfvén radius
is a singular point of the non-WKB transport equations (see also Barkhudarov,
1991; Velli, 1993; MacGregor and Charbonneau, 1994; Cranmer, 2010). Specif-
ically, the ratio of inward to outward velocity amplitudes at r = ra, expressed
in terms of inward [Z_] and outward [Z] Elsasser (1950) amplitudes, is found
via another application of L’Hopital’s rule,

Z- _ |dV /dr|
Zy w4 [(du/dr) — (dVa/dr)2

(10)

where w is the wave’s angular frequency and the derivatives are evaluated at rx.
For r > ru, the inward propagating Alfvén waves cannot travel all the way back
down to the Sun. However, they can still interact with the outward waves and
undergo nonlinear “wave packet collisions” that develop into MHD turbulence
and heat the plasma (e.g. Iroshnikov, 1963; Kraichnan, 1965; Hossain et al.,
1995). The analysis of non-WKB reflection in the presence of a strongly turbulent
cascade also requires treating the Alfvén radius as a singular point (Dmitruk et
al., 2002; Chandran and Hollweg, 2009; Chandran and Perez, 2019).

The analysis of turbulent fluctuations measured in-situ can be greatly compli-
cated when the measurement probes approach the Alfvén radius. Further out in
the heliosphere (where u > V} ), it is common to see straightforward applications
of Taylor’s (1938) hypothesis of frozen-in fluctuations. This hypothesis assumes
that waves and turbulent eddies are essentially static in a reference frame that
advects past the spacecraft with the solar-wind velocity w. In other words, an
observed frequency w in the spacecraft frame is assumed to be equivalent to
u-k, where k is a wavenumber intrinsic to the propagating fluctuation. However,
when a spacecraft approaches the vicinity of the Alfvén radius, the solar-wind
velocity is no longer the dominant source of motion. Thus, modifications to
Taylor’s hypothesis need to be made (see, e.g. Matthaeus, 1997; Klein et al.,
2015; Bourouaine and Perez, 2018; Zank et al., 2022). The study of heliospheric
turbulence close to the Sun is still an active field of research, and there have
been theoretical predictions of both depletions (Adhikari et al., 2019) and en-
hancements (Ruffolo et al., 2020) of the fluctuation amplitudes in the vicinity of
the Alfvén surface.

2.4. Topological Boundary Between Open and Closed Fields

Once magnetic field lines extend above rp, they are unable to propagate infor-
mation along MHD characteristics back down to the Sun. Thus, it is likely to be
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(a) Open—open reconnection (r>ra) (b) Interchange reconnection (r > ry)
u>Va u > Va
Alfvén * Alfvén _- = 5 - -
surface ~ surface ~ - -
u < Vi u < Va
Lines Lines
crossing crossing
T =174 : 2 T=7TA: 3 3 3
(c) Open—open reconnection (1 < 74) (d) Interchange reconnection (r < )
u > Va “ u > Va
Alfvén - Alfvén AT _--
surface ~ surface - - g
u < Va u < Va
Lines %&:% Lines
crossing crossing
rT=ra: 0 0 T=TAcl 1 3 1

Figure 2. Temporal dependence of field lines crossing the Alfvén surface for various kinds of
magnetic reconnection.

quite rare to find closed magnetic loops that reach up to the Alfvén radius or
beyond. Essentially, 7a can be considered to be a “source surface” of heliospheric
magnetic flux (e.g. Zhao and Hoeksema, 2010). It should be noted that, in the
actual time-dependent heliosphere, there are often closed field lines encountered
at distances far above ra (i.e. detected with double-beamed electron strahls), but
these tend to be associated with coronal mass ejection (CME) flux ropes, not
parts of the ambient solar wind (Gosling et al., 1987; Shodhan et al., 2000; Smith
et al., 2013). Nevertheless, if magnetic reconnection occurs in the outer corona,
it may be possible to trace the number of field lines that cross the Alfvén surface,
over time, and this number will vary in different ways depending on whether the
reconnection occurs above or below 74 . Figure 2 shows a set of four possibilities,
each depending on the type of reconnection and where it occurs (see also Crooker
et al., 2002; Schwadron et al., 2010; DeForest et al., 2012).

Near the solar surface, the coronal magnetic field often obeys an approxi-
mately force-free configuration (J x B = 0) that is satisfied by a potential field
(J x VxB=0,s0B=—VU) in much of the volume outside filaments and
active regions. The scalar potential W satisfies Laplace’s equation, so it can be
expressed as a sum of multipolar spherical harmonics with amplitudes specified
by the photospheric lower boundary. However, the acceleration of the solar wind
produces MHD forces that stretch open the field lines and cause them to depart
from the standard closed shapes (dipole, quadrupole, octupole, and so on). This
stretching is often modeled approximately using a radial source-surface boundary
condition at Rs &~ 2.5 R (Altschuler and Newkirk, 1969; Schatten et al., 1969)
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or the entire set of MHD equations is solved numerically (see, e.g. Pneuman and
Kopp, 1971; Suess et al., 1999; Gombosi et al., 2018; Usmanov et al., 2018).

A consistent feature of both MHD simulations and observations (from, e.g. the
shapes of field lines inferred from visible-light emission seen during total eclipses)
is that closed coronal loops do not typically extend all the way up to the Alfvén
surface. Although the largest “helmet streamers” can be seen to stretch out to at
least 10 to 15 R, (see Annie Maunder’s historical photo reproduced by Dalla and
Fletcher 2016), the magnetically closed loop-like features do not appear to extend
past radii of 3 to 4 Ry (Riley et al., 2006; Mackay and Yeates, 2012). However,
one may have expected to find the upper bound of the closed magnetic field to
be more like 74 itself, i.e. radial distances of about 10 to 20 R (see Section 3).
This discrepancy has not been discussed extensively, although Owocki (2009)
associated it with the prevalence of high-order multipole components of the field
that drop off with r more rapidly than the dominant dipole component. Also, in
some MHD models of streamers (e.g. Keppens and Goedbloed, 2000), the solar
wind right above the cusp passes through an Alfvén point at a height even lower
than Parker’s sonic point. The reduction in V near the cusp’s null point gives
the solar wind’s total pressure (gas and ram) the chance to substantially distort
the field lines, and even the plasma-§ ratio can exceed unity in that region (Li,
1999; Lloveras et al., 2017).

Figure 3 illustrates these issues by highlighting the difference between the
magnetic pressure associated with B, and the magnetic pressure associated with
the other (transverse or horizontal) components of the field (see also Vésquez
et al., 2003; Réville and Brun, 2017). For these plots, representative curves
for the gas and ram pressure were computed using the same example model
shown in Figure 1. However, the details of the magnetic pressure come from
numerical models computed by the Magnetohydrodynamics Around a Sphere
(MAS) code (see, e.g. Linker et al., 1999) and made available by the MHDweb
project (www.predsci.com/mhdweb). The photospheric boundary conditions were
obtained from Carrington Rotation (CR) 2058, from June—July 2007, with syn-
optic magnetogram data from the Solar and Heliospheric Observatory (SOHO)
Michelson Doppler Imager (MDI: Scherrer et al., 1995). The magnetic pressures
in the corona were extracted at all latitudes and longitudes, with only statistical
medians and standard-deviation ranges shown in the plots.

In the low-f corona, flows parallel to the field act as “beads on a string” and do
not feel significant Lorentz forces. Thus, Figure 3b shows that the height where
the ram pressure balances the radial magnetic pressure occurs at 74 ~ 10 R,
as expected. However, the shapes of the loops and streamers depend more on
the force balance perpendicular to B, and Figure 3c shows that the associated
transverse magnetic pressure is overcome by both gas and ram pressure at lower
heights of order 2 to 3 Rg. Thus, it is this range of heights that seems to be
most naturally associated with the cusps of the largest streamers. As noted by
Owocki (2009), the transverse components of the magnetic field in the corona are
dominated more by higher-order (quadrupole and octupole) components of the
global field, whose strength drops off more rapidly than the dipole component.
Thus, the upper limit of closed-loop heights seems to be associated with the
same general processes that set the Alfvén surface, but this upper limit does not
coincide with ra itself.
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Figure 3. (a) Magnetic field lines traced from a time-steady solution of the polytropic MHD
conservation equations for Carrington Rotation (CR) 2058. (b) Comparison of radial depen-
dences of time-steady gas pressure (red dashed curve) and ram pressure (Pram = pu2/2, blue
dot-dashed curve) from Figure 1, and radial magnetic pressure extracted from the simulation
(median: dark green solid curve, £1o bounds: light green region). (¢) Same as panel (b), but
with transverse magnetic pressure.

3. Locations of the Alfvén Surface

Having now summarized several ways that the Alfvén surface is important for our
physical understanding of the corona and solar wind, the next practical question
to ask is: Where is it? Below we summarize quantitative estimates of r5 from
model-based predictions (Section 3.1), in-situ measurements (Section 3.2), and
coronagraphic imaging (Section 3.3).

3.1. Corona/Heliosphere Simulations

The first numerical model that incorporated the Alfvén surface was that of
Weber and Davis (1967), and their default set of in-ecliptic parameters provided
a value of rp = 24.3 Rg. They also noted that the expected range of Alfvén
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Figure 4. Comparison of independent estimates of Alfvén radii, expressed as probability—
density histograms. Model results include ZEPHYR (solid black curve) and 3D simulations
from Chhiber et al. (2022) (in-ecliptic: solid blue curve, all latitudes: dotted blue curve).
Observationally derived radii include those from the OMNI database at 1 AU (olive curve)
and from PSP (red curve). See text for details.

radii — corresponding to the observed variation of solar-wind properties at 1 AU
— would be more like rp &~ 15 to 50 Rg. Additional one-dimensional models
of coronal heating and solar-wind acceleration have been computed with the
ZEPHYR code. Figure 1 shows one specific model of this kind (for polar magnetic
field lines rooted in a coronal hole at solar minimum), and Figure 4 shows a
histogram of ra-values constructed from 319 independent ZEPHYR models: 30
from the polar coronal hole, equatorial helmet streamer, and active region models
of Cranmer et al. (2007), and 289 from a high-resolution study of open field lines
connected to a diffuse quiet-Sun region, by Cranmer et al. (2013). For these
models, 75 clusters rather tightly around a median value of 9.16 Rg, with a
standard deviation of only 1.24 Rg.

There have been a number of multi-dimensional global simulations that track
the variability of ra as a function of longitude, latitude, and solar-cycle activity
(Pneuman and Kopp, 1971; Keppens and Goedbloed, 2000; Matt and Pudritz,
2008; Cohen et al., 2009; Pinto et al., 2011; Cohen, 2015; Chhiber et al., 2019).
The shape of the Alfvén surface follows the large-scale magnetic polarity of the
corona, often with local maxima in ra occurring near the centers of large polar
coronal holes, and local minima occurring at the tops of helmet streamers.

In order to better model the stochastic “frothiness” of the Alfvén zone as
realistically as possible, Chhiber et al. (2022) included realizations of turbulent
fluctuations in a 3D simulation. In this model, there arise intermixed regions
of sub-Alfvénic and super-Alfvénic flow, with one radial ray passing through
multiple transitions where u = V. Histograms of values of rp can be computed
by taking derivatives of cumulative distributions similar to the ones shown in
Figure 5 of Chhiber et al. (2022). Figure 4 shows that when all latitudes and
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Figure 5. An example meridional plane cutting through one of the 3D simulations produced
by Chhiber et al. (2022), showing: (a) radial outflow speed (blue to white), overplotted with
the mean shape of the Alfvén surface (red solid curve) and ranges of locations over which the
Alfvén surface occur over the simulation run when taking into account magnetic fluctuations
(light Ted region) or velocity fluctuations (light green region). (b) Snapshot of the “frothy”
separation between sub-Alfvénic (beige) and super-Alfvénic (teal) regions.

longitudes are included, the distribution of Alfvén radii has a substantially higher
median value (20.1 Rg) than do the ZEPHYR models. However, when only
simulation data for £4° of latitude above and below the ecliptic plane were
chosen — specifically for a model that reproduces CR 2215 — the median value of
ra is lower (15.1 Rg) and in better agreement with the observationally inferred
values discussed in more detail below. Figure 5 illustrates these simulations,
and Chhiber et al. (2022) discuss further how these patchy structures may be
important for driving the largest energy-containing scales of MHD turbulence in
the solar wind.

3.2. In Situ Extrapolations and Detections

There have been quite a few studies of in-situ spacecraft data that involved
extrapolating radial trends from traditionally observed distances (r > 0.3 AU,
prior to PSP) inwards to the vicinity of the Alfvén radius. Each of these studies
tends to make slightly different assumptions about the radial trends of v and
Va — and also different assumptions about which conservation laws are used in
the extrapolation process — but they often seem to converge on values for rp
between about 10 and 40 Rg, (see, e.g. Marsch and Richter, 1984; Exarhos and
Moussas, 2000; Katsikas et al., 2010; Goelzer et al., 2014; Tasnim and Cairns,
2016; Tasnim et al., 2018; Kasper and Klein, 2019; Liu et al., 2021; Verscharen et
al., 2021a). More recently, combinations of in-situ and remote-sensing data have
been used to put additional constraints on the most likely values of 5 (Wexler
et al., 2021; Telloni et al., 2021), and these methods often point to a lower range
of about 8 to 20 Rg.

Perhaps the most straightforward of these extrapolation methods combines
the assumption of a constant solar-wind speed, mass-flux conservation far from
the Sun (p < r~2) and magnetic-flux conservation far from the Sun (B, o r~2)
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to find that one then expects the Alfvénic Mach number to increase with radial
distance as M o r. Thus, measuring M > 1 in interplanetary space provides
an anchor-point to extrapolate linearly back to the point where this quantity is
equal to unity. Cranmer et al. (2021) showed how this method can be modified
to account for the small amount of radial acceleration in the solar-wind speed
between ra and the in-situ measurement point.

Figure 4 shows our attempt to extrapolate to ra using 11 years of in-ecliptic
OMNTI (omniweb.gsfc.nasa.gov) data taken at 1 AU (King and Papitashvili, 2005)
from 2008 to 2018. The extrapolation method is discussed in more detail by
Cranmer et al. (2021). CMEs and gaps in the OMNI database were removed,
the former using criteria given by Xu and Borovsky (2015), and mean values of of
the solar-wind parameters were taken using two-hour bins. Note that Cranmer
et al. (2021) gave results for only the high-speed solar wind, but the OMNI
histogram shown in Figure 4 accounts for all speeds. The resulting distribution
of values of rp is highly skewed, with a modal maximum at 15.4 Rs and a
median at 10.9 Rg.

Of course, now that the PSP spacecraft has repeatedly crossed into the
sub-Alfvénic heliosphere (see, e.g. Kasper et al., 2021; Bandyopadhyay et al.,
2022; Zhang et al., 2022; Zhao et al., 2022; Liu et al., 2023), the extrapolation
techniques described above can be tested and validated, at least statistically.
Figure 6a shows preliminary PSP data for the Alfvénic Mach number My versus
heliocentric distance. We computed this quantity as the ratio of u, to the total
Alfvén speed V) (evaluated with the magnitude B). To obtain these parameters,
we began with one-hour-averaged merged data, produced as a part of NASA’s
Coordinated Heliospheric Observations (COHO), that combines Level-3 proton
data from the Solar Probe Cup (SPC: Case et al., 2020), a component of the Solar
Wind Electrons Alphas and Protons (SWEAP) suite (Kasper et al., 2016), with
Level-2 fluxgate magnetometer data from the FIELDS suite (Bale et al., 2016).
Because these data were not always available for the most recent PSP perihelia,
we followed Bandyopadhyay et al. (2022) by also incorporating additional proton
radial velocity and density data from the SWEAP Solar Probe Analyzer—Ion
(SPAN-I), with data rejected if any of the SPAN-I quality-flag bits 0, 2, 3,
8, 10, or 11 were set. Also, we incorporated additional plasma density data
(with n, = n./1.1) from quasi-thermal noise measurements with the FIELDS
Radio Frequency Spectrometer (RFS: Pulupa et al., 2017) and additional Level-
2 fluxgate magnetometer data. Data provided at higher resolution were binned
into one-hour averages and used only when the the COHO merged data were
unavailable.

We applied the OMNI extrapolation method discussed above to our PSP
dataset. An extra step in the analysis was added to account for measurements
not at 1 AU, but the same basic algorithm from Cranmer et al. (2021) remained
in use. Figure 6b plots these extrapolated values of r5 versus the radial distance
of PSP at the time of each measurement. Note that there is no dominant trend in
these derived values as a function of heliocentric distance. The median value for
the resulting distribution of 75 values was 13.4 R, with a standard deviation of
5.4 R . Figure 4 shows the corresponding histogram, and its resemblance to that
corresponding to the near-ecliptic simulation of Chhiber et al. (2022) is striking.
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Figure 6. Preliminary analysis of PSP data over its first 13 perihelia (October 2018 to October
2022). (a) Alfvénic Mach number Mp versus heliocentric distance, with measured solar-wind
speeds shown as symbol color. The solid curves are provided only to indicate the approximate
lower and upper bounds of the data. (b) Extrapolated locations of r5, plotted versus the
heliocentric distance of PSP when each measurement was made. In both panels, the dotted
line indicates local crossings of the Alfvén surface.

The PSP histogram also shares a few properties with the histogram computed
from OMNI data at 1 AU. For example, the two median values fall within +1
standard deviation of one another, and the upper edges of both distributions are
nearly identical. Although it is too early to know for sure, it is likely that data
from PSP will end up providing better estimates of ro than data taken at 1 AU
due to that spacecraft’s more frequent proximity to the Alfvén zone.

Lastly, it is important to note that using in-situ data to extrapolate down to
the sub-Alfvénic corona provides benefits beyond just locating the Alfvén sur-
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face. Data-driven maps of the vector velocity and magnetic field in the corona can
constrain models of turbulence, corotating interaction regions, and suprathermal
particle scattering (Tasnim et al., 2018, 2019). Mapping field lines down to the
solar surface can help identify the origin sites of different types of fast and
slow solar-wind streams (e.g. Luhmann et al., 2002; Liewer et al., 2004). The
measurement of cross-field (possibly flux-tube-like) structure in the in-situ data
has also been used to speculate about the survival of granular or supergranular
scales from the Sun’s surface out to 1 AU (Borovsky, 2008; Tasnim et al., 2018;
Bale et al., 2021). These techniques, together with those that map from the
corona out to interplanetary space (e.g. Riley and Lionello, 2011; Reiss et al.,
2019), are useful in improving forecasts of the time-variable solar wind.

3.3. Observations of Coronal Inflows

Coronagraphs and other off-limb imaging instruments have been used for decades
to measure outwardly propagating intensity fluctuations that are believed to act
as passive tracers (“leaves in the wind”) and thus provide data on the radial
acceleration of the solar wind (see, e.g. Sheeley et al., 1997; Abbo et al., 2016).
However, there have been rarer detections of plasma flows that go from higher
to lower radii over time, and these can be used to put limits on the location
of the Alfvén surface. Figure 7 shows how a feature propagating radially — here
using the one-dimensional model of Figure 1 — would move in radius versus
time, depending on whether it moves with the unperturbed wind speed [u,] or
on linear Alfvénic characteristics [u, = Va]. Note that true inward propagation
seems to be possible only for the “minus” Alfvén characteristic, for r < ra.

There have been quite a few different types of inflows observed near the Sun.
Near the solar surface, there exist supra-arcade downflows in active regions (e.g.
Savage et al., 2012) as well as “coronal rain” that propagates down as dense
clumps along coronal loops (Antolin et al., 2015; Mason et al., 2019), though
many of these flows probably do not connect to the solar wind. At larger heights
of about 2 to 6 Ry, there are frequent blob-like downflows seen in the vicinity
of streamer cusps (Sheeley and Wang, 2014; Sanchez-Diaz et al., 2017; Lynch,
2020). The most distant inflows were found by DeForest et al. (2014), using
data from the COR2 coronagraph on the Solar Terrestrial Relations Observatory
(STEREO-A: Howard et al., 2008). The detection of the weak signals associated
with these inflows required the use of customized background subtraction and
filtering based on combined spatial and temporal Fourier transforms.

Specifically, for observations made at solar minimum in 2007, DeForest et
al. (2014) found inbound features out to at least 12 Rg in polar coronal-hole
regions, and out to at least 15 Rg in the streamer belt. Figure 7 shows an
integrated version of the coronal-hole “inflow ridge” measured by DeForest et
al. (2014), which was reported originally in terms of radial velocity versus height.
These measurements indicated not only substantial deceleration — from speeds
of about 80 km s™! at 12.4 Ry to only about 20 km s~! at 7 Rz — but also a
reduction in magnitude of the parcel’s acceleration that leads to a characteristic
“concavity” in the velocity-versus-height diagram. These data appear to confirm
that the Alfvén radius must be at a height greater than 12 R, for this component
of the solar wind.
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Figure 7. Height versus time plots for radial flows that accelerate with the solar wind
(black solid curve), with an outward-propagating Alfvén wave (red dashed curve), or with
an inward-propagating Alfvén wave (red solid curves). Model parameters are the same as in
Figure 1, with 74 = 10.7 R (black dotted line). Also shown is a fit to the inward-propagation
“ridge” observed in a polar coronal hole by DeForest et al. (2014; green solid curve). For all
curves, absolute start times are arbitrary; i.e. any of them can be shifted to the left or right
by any amount.

However, Tenerani et al. (2016) noted that the properties of the observed
inflow ridge do not match the expected behavior of inwardly propagating Alfvén
waves. The latter should accelerate when getting closer to the Sun, not decel-
erate. Tenerani et al. (2016) also found that other types of linear MHD waves
(i.e. obliquely propagating fast or slow magnetosonic waves) may decelerate as
they approach the Sun, but they do not agree with the concavity of the measured
inflow ridge. One type of model that was found to match the data is one in which
a parcel of plasma undergoes a snowplow-like mass enhancement over time, which
leads to substantial deceleration as it is entrained into the background flow.
Cranmer et al. (2021) produced additional models of snowplow mass-gain in
conjunction with hydrodynamic drag forces between the parcel and the ambient
solar wind. This kind of model could be consistent with bursty exhausts from
coronal sites of magnetic reconnection. Cranmer et al. (2021) also noted that
the initial downflow speeds from nonlinear features (e.g. shocks, jets, or shear
instabilities) could be somewhat supra-Alfvénic, so they may be able to begin
at slightly larger distances than ra and still propagate down towards the Sun.

Lastly, it should be noted that a large amount of theoretical speculation has
been performed on behalf of a relatively small quantity of existing imaging data
in the vicinity of the Alfvén surface. Many more additional examples of inflowing
parcel kinematics need to be measured at other locations and times in the solar
cycle. Also, it should be noted that Alfvénic fluctuations, by themselves, do
not tend to produce the density fluctuations that are most readily observable
as variations in off-limb Thomson-scattered intensity. Thus, future theoretical

SOLA: cranmer_2023_alfsurf.tex; 10 October 2023; 2:51; p. 18



The Sun’s Alfvén Surface

models need to include a more self-consistent description of either linear or
nonlinear compressible features that propagate at speeds similar to Vs and thus
can help probe the location of the Alfvén surface.

4. Discussion: Prospects for PUNCH

The PUNCH mission will image the outer corona and inner heliosphere at radial
distances between 6 and 180 Rg, with a temporal cadence ranging from four
minutes (at 7 < 80 Rg) to 35 minutes (for the entire field of view). To measure
the flow speeds and accelerations of features in the solar wind, the PUNCH team
will use proven methods of spatio-temporal Fourier filtering (DeForest et al.,
2014) and a number of flow-tracking algorithms (e.g. Colaninno and Vourlidas,
2006; Chae and Sakurai, 2008; Attié and Innes, 2015). This is being done in col-
laboration with Working Group 1A of the PUNCH Science Team, whose goal is
to map out the spatial and temporal evolution of the “young” solar wind (see, e.g.
Attié et al., 2023). PUNCH has been designed with a sensitivity and resolution
to enable the accumulation of a huge database of inbound-feature measurements,
and these will provide unprecedented information about the variable location of
the Alfvén surface.

Although PUNCH will use linear polarization to perform three-dimensional
localization of large structures like CMEs (DeForest et al., 2017), it is not yet
known to what extent this extra information can be used to improve the tracking
of smaller features within the ambient solar wind. Still, it may be the case
that synergy between PUNCH and other future missions that include off-limb
polarimetry — e.g. the Association of Spacecraft for Polarimetric and Imaging
Investigation of the Corona of the Sun (ASPIICS: Galano et al., 2018), or the
Coronal Diagnostic Experiment (CODEX: Newmark et al., 2020) — may provide
new perspectives on the use of linear polarization for measuring the properties
of the global solar wind.

As mentioned above, PUNCH measures off-limb density inhomogeneities, so
it does not directly see incompressible Alfvén waves. However, both slow-mode
and fast-mode magnetosonic waves exhibit density oscillations. If, for example,
PUNCH observes fast-mode waves propagating radially, these could be used to
probe the location of the Alfvén surface because they flow at speeds of roughly
+Vj relative to the solar wind (see also Tenerani et al., 2016). The extended
corona may also contain nonlinearly steepened features such as shocks, jets,
reconnection exhausts, or the end-products of shear instabilities. These can
produce observable density perturbations that flow at speeds of order Vy as
well.

The plane-of-sky speeds provided by PUNCH flow-tracking will need to be
analyzed in order to estimate the true vector velocities of these features in 3D
space. This will be aided by forward modeling of these kinds of features (see, e.g.
Gibson et al., 2016; Griton et al., 2020; Gilly et al., 2021; Moraes Filho et al.,
2022), together with the development of robust uncertainty bounds on this kind
of 3D localization. The properties of the measured density inhomogeneities will
also need to be correlated with the ambient properties of the solar wind and the
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global magnetic geometry of the corona. Specifically, PUNCH data will provide
many examples of both: i) the direct measurement of V at 7, from knowing the
bulk solar-wind speed there, and ii) maps of the plane-of-sky shape of the Alfvén
surface. These can help discriminate between competing solar-wind models and
provide large-scale context for future multi-messenger campaigns with PSP and
Solar Orbiter (see, e.g. Martinez Pillet et al., 2023).

It will be interesting to learn whether or not all measured inflow tracks will
have the same speed and acceleration trends (i.e. concavity) as the one set of
events studied by DeForest et al. (2014) and Tenerani et al. (2016). It is possible
that the one inbound feature measured by COR2 was the “tip of the iceberg” and
thus is not representative of the broader population of lower-contrast features
to be seen by PUNCH. Because these other features may have weaker density
fluctuations, they may not undergo substantial amounts of snowplow-like mass-
gain. Thus, they may have speeds more representative of linear MHD waves.
We expect to explore trends in the inflow dynamics as a function of the relative
intensity enhancements (i.e. relative density enhancements) of blobs, which will
help validate the physics included in models that include mass-gain and drag
forces (e.g. Cranmer et al., 2021).

It is also very likely that the region around the Alfvén radius is highly tur-
bulent, so there may exist multiple crossings in a frothy “Alfvén zone” (see
also DeForest et al., 2018; Chhiber et al., 2022). One implication of this, which
PUNCH may be very well-suited to observe, is that individual blobs would
undergo stochastic (random-walk-type) deflections when near the Alfvén zone.
Thus, they would propagate alternately in and out for a while before heading
decidedly either towards the Sun or the outer heliosphere. Figure 8 shows the
result of a simple one-dimensional simulation that accounts for this stochasticity.
A continuous Kolmogorov-type spectrum of fluctuations (i.e. power proportional
to f~5/3) was sampled at 100 discrete frequencies f sampled between 10~* and
1 Hz, with random phases. Then, one independently constructed time-series was
imposed on the background wind speed u,(r), and another was imposed on the
Alfvén speed [Va], each with the same renormalized relative amplitude, as shown
in Figure 8a.

Because models of non-WKB wave reflection usually show a preponderance
for outward waves in the corona, our simulated fluctuations were assumed to
propagate along outward Alfvén characteristics (i.e. at u, + Va) over time. How-
ever, we then chose to focus on the temporal evolution of parcels that attempt to
approach the Sun on inward characteristics [u, — Va]. Due to the in/out motion
of multiple Alfvén radii in this model, it becomes possible for some parcels that
begin at r < ra to eventually escape, and for some parcels that begin at r > rp
to eventually flow downwards and reach the Sun. Figure 8b illustrates this by
plotting histograms of a statistical “escape probability” constructed from three
sets of 10,000 random trials. The three sets had different relative amplitudes
for the imposed fluctuations, and one can see that as this amplitude approaches
zero, the escape probability approaches a step function that is zero for r < ra
and one for r > rp. PSP observations indicate that these relative amplitudes
are reasonable for the radii shown here (Chhiber, 2022).
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Figure 8. Preliminary model of stochastic motions in the solar wind. (a) Example snapshot
of u, and Vj, both with no turbulence (black and red curves) and with turbulence included at
a fractional amplitude of 0.3 times the time-steady values (blue and violet curves). (b) Escape
probability of a parcel that flows with local radial speed (u, — Vy), averaged over 10,000 trials
for each value of turbulence amplitude. The time-steady value of 75 is shown with a dashed red
line. (c) Downward trajectories that include turbulence at an amplitude of 0.3 (black curves)
and one that does not (red curve), compared with observed COR2 inflow data (green dashed
curve).

Lastly, Figure 8c shows a collection of inflow trajectories for parcels that
started at r = 9 R (slightly below the time-steady Alfvén radius, which for this
model was 9.7 Rg) and eventually flowed down to the Sun. A parcel flowing
inwards along unperturbed inward Alfvén characteristics (i.e. with no “froth”)
would reach the Sun in only about 0.17 days, but the distribution of perturbed
parcels has a longer mean flow time. These perturbed parcels become trapped
in the trans-Alfvénic zone due to being pivoted in the in/out direction multiple
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times, and this effectively decelerates them. Thus, this effect may help explain the
observed inflow trend from DeForest et al. (2014). We anticipate that PUNCH
will have the sensitivity, cadence, and spatial resolution to be able to detect these
kinds of alternating inflows and outflows for parcels buffeted by turbulence. In
fact, if PUNCH can measure the lifetimes, sizes, and relative densities of these
parcels, it can put new constraints on models of MHD turbulence in the solar
wind.

5. Conclusions

The objective of this article has been to review our present-day understanding
of the Sun’s Alfvén surface and to look forward to how the PUNCH mission
will improve that understanding. This is the goal of Working Group 1C of the
PUNCH Science Team, and it connects to the higher-level goal of the mission’s
Science Objective 1 (“to understand how coronal structures become the ambient
solar wind”). Earlier, we discussed how the flow-tracking activities of Working
Group 1A are necessary to provide the measurements of time-dependent flow
speeds that can help map the Alfvén surface. In addition, what we learn about
the frothy and stochastic Alfvén zone from PUNCH will be also be highly rel-
evant to Working Group 1B, whose goal is to determine how micro-structures
and turbulence form and evolve in the solar wind (Viall et al., 2021; Pecora et
al., 2023).

Understanding the Alfvén surface associated with a magnetized wind is also
relevant for solar systems beyond our own. For example, it is likely that six out
of the seven planets orbiting the nearby M-dwarf TRAPPIST-1 spend most of
their time inside the star’s sub-Alfvénic zone (Garraffo et al., 2017). This tends
to create planetary magnetospheres quite different in character from those seen
in our solar system. For example, the motion of close-in exoplanets may disturb
the plasma sufficiently to induce strong energy fluxes that go back down to
the star (e.g. Saur et al., 2013; Matsakos et al., 2015), producing visible chro-
mospheric starspots (Shkolnik et al., 2008) or bursts of radio emission (Pineda
and Villadsen, 2023). There are fascinating opportunities for synergy between
studies of our own Alfvén surface, which we can study up close and in detail, and
those of other stars, which allow us to sample a much broader range of plasma
parameters (Garcia-Sage et al., 2023).
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