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ABSTRACT

The long-term evolution of the Sun’s rotation period cannot be directly observed, and is instead
inferred from trends in the measured rotation periods of other Sun-like stars. Assuming the Sun spins-
down as it ages, following rotation rate o age /2, requires the current solar angular momentum-
loss rate to be around 6 x 103%erg. Magnetohydrodynamic models, and previous observations of the
solar wind (from the Helios and Wind spacecraft), generally predict a values closer to 1 x 10%%erg
or 3 x 10%%rg, respectively. Recently, the Parker Solar Probe (PSP) observed tangential solar wind
speeds as high as ~ 50km/s in a localized region of the inner heliosphere. If such rotational flows were
prevalent throughout the corona, it would imply that the solar wind angular momentum-loss rate is
an order of magnitude larger than all of those previous estimations. In this letter, we evaluate the
angular momentum flux in the solar wind, using data from the first two orbits of PSP. The solar wind
is observed to contain both large positive (as seen during perihelion), and negative angular momentum
fluxes. We analyse two solar wind streams that were repeatedly traversed by PSP; the first is a slow
wind stream whose average angular momentum flux fluctuates between positive to negative, and the
second is an intermediate speed stream containing a positive angular momentum flux (more consistent
with a constant flow of angular momentum). When the data from PSP is evaluated holistically, the
average equatorial angular momentum flux implies a global angular momentum-loss rate of around

2.6 — 4.2 x 103Y erg (which is more consistent with observations from previous spacecraft).

Keywords: Solar Wind; Rotational Evolution

1. INTRODUCTION

The solar wind is steadily removing angular momen-
tum (AM) from the Sun (Weber & Davis 1967; Mes-
tel 1968). This can be measured in-situ by evaluating
the mechanical AM flux in the solar wind particles, and
the stresses in the interplanetary magnetic field (Lazarus
& Goldstein 1971; Pizzo et al. 1983; Marsch & Richter
1984a; Li 1999; Finley et al. 2019b). The value of the
current solar AM-loss rate is a useful test of models
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which attempt to describe the rotation-evolution of low-
mass stars (i.e. M, < 1.3Mg; e.g. Gallet & Bouvier
2013, 2015; Brown 2014; Johnstone et al. 2015a; Matt
et al. 2015; Amard et al. 2016, 2019; Blackman & Owen
2016; Sadeghi Ardestani et al. 2017; Garraffo et al. 2018;
See et al. 2018). Such stars have magnetic activity which
is directly linked to their rotation rates (Wright et al.
2011; Wright & Drake 2016). One consequence is that
the habitability of exoplanets will likely depend some-
what on the rotation rate of their host star, and how
it has varied in the past (e.g. Johnstone et al. 2015b;
Gallet et al. 2017).
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Table 1. Observed Solar Wind Angular Momentum Fluxes

Spacecraft Component (r®Fanr) Protons/ Radial Source
Name [x10%erg/ster] | Magnetic| Distance [au]
Parker Solar Probe* total 0.31(0.50) 0.9(3.2) 0.16-0.7 This Work
protons 0.15(0.38)
alphas -
magnetic 0.16(0.12)
Wind total 0.39 24 1 Finley et al. (2019b)
protons 0.29
alphas -0.02
magnetic 0.12
Helios total 0.20 1.1 0.3-1 Pizzo et al. (1983)
protons 0.17
alphas -0.13
magnetic 0.15
Mariner 5 total ~1.2 ~ 4.3 0.6 Lazarus & Goldstein (1971)
protons ~1
alphas -
magnetic 0.23

*Values for PSP are the averaged values from Figure 5 in the format E01(E02).

Stellar convection, rotation, and magnetic field gener-
ation are all intricately linked for low-mass stars (see
review of Brun & Browning 2017). In general, this
causes the rotation rates of Sun-like stars on the main
sequence to broadly follow an approximate relation-
ship where rotation rate < age='/? (Skumanich 1972;
Soderblom 1983; Barnes 2003; Barnes & Kim 2010;
Lorenzo-Oliveira et al. 2019), where p is observed to be
around 2. However, with the increasing number of rota-
tion period observations (Agiieros et al. 2011; Agiieros
2017; McQuillan et al. 2013; Nunez et al. 2015; Rebull
et al. 2016; Covey et al. 2016; Douglas et al. 2017; Nasci-
mento Jr et al. 2020), it has become clear that rota-
tion may not always follow a simple, single power-law
in time (e.g. Davenport & Covey 2018; Metcalfe & Ege-
land 2019; Reinhold et al. 2019). For example, there
may be a temporary “stalling” of the spin-down during
the early main sequence (Curtis et al. 2019) or a signif-
icant reduction of spin-down torques (or equivalently a
larger value of p) at approximately the solar age (van
Saders et al. 2016).

Previous measurements of the solar wind AM flux us-
ing the Helios (Pizzo et al. 1983; Marsch & Richter
1984a), and Wind (Finley et al. 2019b) spacecraft, have
suffered from pointing errors and/or large uncertainties
in the detection of the tangential solar wind speed at lau
(with an amplitude around 1-5 km/s), but these stud-
ies suggest an average equatorial flow of AM per solid
angle (r2F ) of around 0.3 £ 0.1 x 103%erg/steradian.

The role of the solar wind alpha particles in carrying
AM is unclear. Measurements from the Helios space-
craft indicate they carry a net negative AM flux, whereas
measurements from Wind suggest they have a negligible
contribution to the total AM flux. Notable values from
previous works can be found in Table 1. A common fac-
tor in most previous observations, including those that
use older spacecraft like Mariner 5 (Lazarus & Gold-
stein 1971), is the presence of localized wind streams
that can carry a net negative AM flux. A likely mecha-
nism to generate these negative streams is wind stream-
interactions, i.e. when fast wind streams catch up to,
and collide with, slow wind streams. It is expected
that the fast wind is then significantly deflected, given
its lower density, in the direction opposite of rotation.
Therefore the fast solar wind should carry the major-
ity of the observed negative AM flux (which is shown in
Finley et al. 2019Db).

During its first two orbits, Parker Solar Probe (PSP)
observed the solar wind close to the Sun (~ 36Rg) to
have tangential speeds of up to ~ 50km/s (Kasper et al.
2019), which is far greater than the expected 1 — 5km/s
from previous Weber & Davis (1967) wind modelling
(e.g. Réville et al. 2020b). At face value, this implies
a larger AM-loss rate from the Sun than previously
thought (see also estimates in Finley et al. 2018, 2019a).
However, in this letter we argue that the observations
made by PSP during its perihelion passes are not neces-
sarily representative of the global AM-loss rate. As such,
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Figure 1. Solar wind AM flux observed by PSP, in the protons (red vertical ticks), magnetic field stresses (blue horizontal
ticks), and their sum (coloured circles), averaged over 2.5 hour intervals versus time. The left panel shows the first encounter
EO01 (5th Oct - 2nd Dec, 2018), and the right panel shows the second encounter E02 (3rd Mar - 30th Apr, 2019). The perihelia
of each orbit are indicated by green dotted lines. The HCS crossings from Figure 2 are indicated with grey dashed lines, with
the background color/hatching corresponding to the global magnetic field polarity. A sustained period of negative AM flux,
which coincides with PSP being in close proximity to the HCS is indicated in purple, and is also highlighted in Figure 2. We
identify repeated crossings of a slow solar wind stream during EO1 (in yellow), and an intermediate speed stream during E02
(magenta). These wind streams are shown in more detail in Figures 2 and 3.

by taking into account the spatial variation of the AM
flux, our average values from PSP are closer to previous
spacecraft observations.

2. DATA

In this work we utilise the publicly available data from
both the Solar Wind Electrons, Alphas and Protons
(SWEAP) instrument suite! (Kasper et al. 2016), and
the FIELDS instrument suite? (Bale et al. 2016), during
the first two orbits of PSP. The Solar Probe Cup (SPC)
(Case et al. 2020), part of the SWEAP instrument suit,
is capable of measuring the velocity distribution and
density of the solar wind particles using moment-fitting
algorithms which return the bulk characteristics of the
particle populations. SPC operates at a varying data
cadence during the orbit of PSP around the Sun, with

I http://sweap.cfa.harvard.edu/pub/data/sci/sweap/spc/L3/ -
Accessed March 2020.

2 http:/ /research.ssl.berkeley.edu/data/psp/data/sci/fields/12/
- Accessed March 2020.

its highest sampling rate inside 0.25au. Vector magnetic
field data is collected by the FIELDS instrument suite
at various time resolutions (e.g. Bale et al. 2019). For
this work, we use the minute cadence data and inter-
polate this down to the variable time resolution of the
SPC data.

During PSP’s first orbit we use data from the 5th Oc-
tober 2018 to the 2nd December 2018, with perihelion
occurring on the 6th November. This interval is hence-
forth referred to as E01. Data for the second orbit is
available from the 3rd March 2019 to the 30th April
2019, with perihelion occurring on the 4th April; simi-
larly this period is referred to as E02. For the first or-
bit, we supplement the public data during the inbound
phase (during October 2018 only), with data supplied by
the instrument team (SWEAP team, private communi-
cation). During the first two orbits of PSP the alpha
particle moments were not well recovered, and so in this
letter we focus on the proton observations. We remove
proton and magnetic field data that have been flagged
by the instrument teams as containing bad/problematic
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Figure 2. The trajectory of PSP (grey line) in a reference frame co-rotating with the Sun, projected onto the equatorial plane
(as viewed from above the North pole), with the Sun at the center. The first encounter E01 (perihelion 6th November 2018) is
in the left panel, and the the second encounter E02 (perihelion 4th April 2019) is in the right panel. The AM flux in the solar
wind as observed by PSP (in the protons plus magnetic field stresses, as in Figure 1), is then shown using coloured circles that
each represent the 2.5 hour average values. Using the radial wind speed observed by SPC, the connectivity of the magnetic
field in the inner heliosphere is visualised with Parker spiral magnetic field lines, which are initialised along PSP’s trajectory at
2.5 hour increments (only when r < 124Rp). Each field line is coloured by the magnetic field polarity observed by FIELDS,
averaged over the 2.5 hour increment (red is positive, blue is negative). Significant reversals in the observed magnetic field
polarity, likely caused by crossing the HCS, are indicated with black lines along PSP’s trajectory with their associated dates.
Times when PSP crossed the same solar wind stream are highlighted in the inset figures (yellow for E01, and magenta for E02),
with each crossing labelled a number in the order that they were encountered. Dashed lines show the expected boundaries of
each wind stream based on parker spiral trajectories that use the average radial wind speed from each wind stream. The inner
annulus at 25R displays the average AM flux from Figure 4 where the data are ballistically mapped to 25Rs using Parker
spiral trajectories and then binned by Carrington longitude.

values. We also evaluate the data taken during the third of the SPC instrument. This is given by,
orbit of PSP (E03), though this dataset is incomplete
i i i r2Fan =r?F +7r%F
due to a technical failure of the SPC instrument on ap- AM AM,p AM, B>
proach to perihelion. Therefore in this letter we focus 3 i fovve — 13 sin eBtB'r (1)
on the first two orbits and present the third orbit as porte 4’

supplemental information in Appendix A. where r is the radial distance of PSP, 6 is its colat-

itude, p is the proton density, v, is the radial wind
speed of the protons, v; is the tangential wind speed
of the protons, B, is the radial magnetic field strength,
and By is the tangential magnetic field strength. Here
a factor of r2 has been included to remove the de-
pendence of the AM flux on radial distance, as it is

3. OBSERVED SOLAR WIND ANGULAR
MOMENTUM FLUX

Using the observations from PSP, we evaluate the so- only the poloidal vorticity-current stream function (i.e.
lar wind AM flux (Fapr) as a sum of the mechanical AM rsin vy — rsin 0B, B,./4wpv,.) that is a conserved quan-
carried by the protons (Fap ) and the transfer of AM tity along magnetic field lines under the assumptions

through magnetic field stresses (Fan,g), at the cadence of ideal magnetohydrodynamics (see Goedbloed et al.
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Figure 3. The trajectory of PSP plotted as a function of height from the ecliptic plane and cylindrical radius, shown in grey
for EO1 (top) and E02 (bottom). The 2.5 hour average AM flux is shown with coloured circles, and the times that PSP crossed
Wind Stream 1 during EO01, and Wind Stream 2 during E02, are highlighted in yellow and magenta respectively. The average

AM flux during each crossing is also displayed.

2019, for the correct nomenclature). The quantity pre-
sented throughout this letter 72F 4, is the flow of AM
per solid angle (due to this normalisation with radius),
though we often refer to this as an AM flux for simplicity.
This is the same quantity evaluated by previous authors
using other spacecraft, and so can be directly compared
(see Table 1). However, it is worth noting that equa-
tion (1) does not include the effect of thermal pressure
anisotropies which could influence the magnetic stress
term (as discussed in Réville et al. 2020b). When sum-
ming over all longitudes, equation (1) effectively assumes
that any AM flux due to thermal pressure anisotropies
will sum to zero. Observations suggest the solar wind
between 0.3-1au has a mostly isotropic plasma pressure
(e.g. Marsch & Richter 1984b).

Due to small scale fluctuations in the solar wind, it is
necessary to average the AM flux on a sufficient spatial
and/or temporal scale to recover the character of the
large-scale solar wind flow. It is of course possible that
these fluctuations transport an additional AM flux to
that of the bulk solar wind, for example via compress-
ible MHD waves (e.g. Marsch 1986). However, at present
we focus on constraining the properties of the bulk so-
lar wind, as this is likely where the majority of the AM
flux is contained. In Figure 1, we present the flow of
AM per solid angle (r2F4y) averaged over 2.5 hour in-
tervals versus time for both EO1 and E02. The proton
AM flux is shown with red vertical ticks, the magnetic
field stresses with blue horizontal ticks, and their total

with coloured circles. The signal to noise on the SPC
tangential wind speed observations generally decreases
with radial distance, and so the percentage uncertainty
increases. However the proton AM flux varies on a scale
that is generally larger than these uncertainties.

These observations, indicate that the solar wind AM
flux has a substantial spatial variation. PSP even ob-
serves significant periods of time with a sustained net
negative AM flux (negative flux implies the addition of
AM to the Sun). The most obvious example occurred
when PSP was in close proximity to the Heliospheric
Current Sheet (HCS), which is annotated in purple in
the right panel of Figure 1. In contrast to the protons,
the magnetic field stresses do not show much variabil-
ity (on average around ~ 0.1 x 10%%erg/steradian) and
are comparable in strength to previous spacecraft ob-
servations. Additionally, the uncertainties on a given
measurement of Fiapr, p are much lower than Fa,, be-
cause the magnetic field direction is generally not as
radial as the solar wind velocity. Note that our averag-
ing timescale is much greater than that of fluctuations
due to “switchbacks” (e.g. McManus et al. 2020), and
so the magnetic stress term here relates to large-scale
deviation of the interplanetary magnetic field from the
radial direction. Future works could consider the effect
of these switchbacks on the amount of AM stored in the
magnetic field. However, given the observed structure of
these fluctuations (switchback rotation angles are inves-
tigated in Mozer et al. 2020), the momentum imparted
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to the plasma during relaxation of the magnetic field is
likely directed radially on average.

Figure 2 shows the same 2.5 hour averages of the flow
of AM per solid angle, now along the trajectory of PSP
during E01 and E02 (with coloured circles). In the back-
ground of each panel, the polarity of the interplanetary
magnetic field during each 2.5 hour interval is extrapo-
lated into a Parker spiral using the proton radial wind
speed as measured by SPC. This helps to visualise the
large-scale structure of the magnetic field in the inner
heliosphere. Significant magnetic field polarity reversals
are highlighted in both Figures 1 and 2. The variation
of the AM flux during the closest approaches of PSP are
most clear in the zoomed insets at the bottom right cor-
ner of each panel. During PSP’s first perihelion, the pro-
ton AM flux increases with decreasing radial distance to
the Sun, whereas during its second perihelion the proton
AM flux is largest for the inbound and outbound obser-
vations and is decreased during closest approach (this
dip coincides with a sharp decrease in the proton mass
flux). Although there are differences between the AM
flux during both perihelia (perihelia are also identified
with green dotted lines in Figure 1), the large-scale or-
ganisation of the AM flux, i.e. the locations of the strong
positive/negative AM fluxes, show similarities between
EO01 and E02.

During the closest approach of PSP in E01, the same
slow solar wind stream, hereafter referred to as “Wind
Stream 1”7, was crossed three times (highlighted in yel-
low). Similarly, during E02 PSP crosses another des-
ignated “Wind Stream 2”, though the evidence for this
being the same stream throughout PSP’s observations is
less convincing. The likely origins of these wind streams
are discussed in detail within Panasenco et al. (2020).
In Figure 3 we show the latitudinal extent of PSP’s or-
bit during the first two perihelia and highlight these two
wind steams. For each crossing we compute the average
flow of AM per solid angle measured by PSP during the
intervals. Note these crossing are a few days apart. The-
oretically, for the same solar wind stream the AM flux is
expected to be constant (apart from during interactions
with other wind streams at stream interfaces). However
within Wind Stream 1, the AM flux in the solar wind can
be seen to vary from positive to negative. This is a sur-
prising result as Wind Stream 1 is the best constrained
stream, and so this can only be explained in a few ways:
1) AM flux varies substantially in space through indi-
vidual wind streams, and perhaps these fluctuations re-
late to PSP’s location with respect to the boundaries of
other wind streams, 2) AM flux varies substantially in
time, and perhaps these fluctuations relate to the for-
mation of the slow solar wind (see Rouillard et al. 2020;

Réville et al. 2020a), or 3) the protons and magnetic field
stresses do not account for the total AM flux, i.e. the al-
pha particles, pressure anisotropies, or other processes,
are required to explain the observations. In comparison
to Wind Stream 1, Wind Stream 2 appears to be closer
to having a steady AM flux from crossing to crossing,
despite the stream likely containing wind from various
sources. During the perihelion of E02, there is a notable
difference in the AM flux carried by Wind Stream 2
(an intermediate speed wind stream) and the slow wind
streams either side of it. In this case the faster wind con-
tains roughly a quarter of the AM flux observed in the
slow wind either side. This observation, along with our
analysis of the two wind streams may suggest that inter-
mediate/fast solar wind streams contain a smaller but
less time-varying AM flux, than the slow wind streams
which host a larger, temporally and/or spatially varying,
AM flux.

Given the variability of the AM flux, it is difficult
to disentangle structure in the solar wind due to PSP’s
varying radial distance, heliographic latitude, and Car-
rington longitude. As an alternative to the temporal av-
erages shown in Figure 1, Figures 4 and 5 show the AM
fluxes binned in Carrington longitude and heliographic
latitude, respectively. Within each spatial bin, the fre-
quency of observing a given value of AM flux colours
each 2D histogram (with darker green being higher fre-
quency). The average value from each bin is highlighted
in black, along with the averages for just the proton
component (red), and just the magnetic stresses (blue).
When the data are binned by Carrington longitude (Fig-
ure 4), both E01 and E02 show the AM flux to vary from
positive to negative values (this is clearer in the upper
right inset figures), with the source of the variation being
the proton AM flux (as with the temporal averaging).
The AM flux averaged in this way is also shown in an
annulus in Figure 2 for both EO01 and E02, for visual
comparison. When the data are binned by heliographic
latitude, the AM flux is observed to have a clearer struc-
ture, shown in Figure 5. The inset figures show an ap-
proximately sinusoidal variation for both E01 and E02,
but with the latitude dividing the positive and negative
wind streams seemingly shifted. Again the magnetic
stresses do not show much variability with latitude, in
comparison to the proton AM flux.

It remains unclear which binning technique best rep-
resents the average equatorial AM flux (Fap,eq) in
the solar wind, and the range of values likely rep-
resents the systematic uncertainties arising from the
choice of binning method. The highest and low-
est values (r?Fanreq = 0.18 x 10%%rg/steradian and
0.58 x 103%rg/steradian) are found by binning the data
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Figure 4. 2D histogram of solar wind AM flux (in the protons and magnetic field stresses), versus Carrington longitude, for
both EO01 (left) and E02 (right). The observations have been ballistically mapped to 25R¢ using Parker spiral trajectories with
their observed radial wind speeds from SPC, and binned in 20° bins. Darker green shades show an increased frequency of
observation in the 2D histogram. Note that SPC sampled the solar wind at a much higher cadence during perihelion, which is
clearly visible. The average AM flux for each bin as a function of Carrington longitude is then over plotted with a black line.
The average values considering just the protons (red), and magnetic field stresses (blue), are also shown. Finally, the sum over

all Carrington longitude bins is given in the bottom left text.

by Carrington longitude for E01 and E02 respectively.
Hereafter, we adopt the average values when binning
the data in latitude, due to the similarity in outcome
for both orbits, and these values are given in the top
entries in Table 1. For a Weber & Davis (1967) wind,
mechanical AM is gained by the particle population
from the stresses in the magnetic field as the wind trav-
els through the heliosphere. This means the value of
Fanp/Fau,p for a solar wind parcel should increase
with radial distance. The precise value of this ratio
and how it varies also provides information about the
Alfvén point (Marsch & Richter 1984a). This ratio
and the radial distance of each spacecraft from previous
calculations are shown in Table 1. However given the
variability of the AM flux with solar cycle (see Finley
et al. 2018), and the varying precision of each instru-
ment, it is difficult to draw any conclusions from this.
The cause(s) of the spatially varying AM flux are un-
known, and there does not appear to be a simple correla-
tion between the enhanced tangential wind speeds and
the presence of switchbacks in the solar wind (Kasper
et al. 2019). Previously, wind stream-interactions have
been used to explain the observed variation in v; (e.g.

Pizzo 1978), though the values observed by PSP are far
larger than magnetohydrodynamic models would pre-
dict. For example, the modelling of EO1 by Réville et al.
(2020b) found a similar trend in positive and negative
v, due to stream-interactions, but with an amplitude
of only +5km/s. For this reason Réville et al. (2020b)
suggested that pressure anisotropies, which modify the
balance of magnetic field stresses and thus how much
AM they transfer to the solar wind particles, might ex-
plain some (but not all) of the observed trends in v; with
radial distance. Another potential source of the spatially
varying AM flux is from magnetic field foot point mo-
tions in the photosphere, caused by circulation of the
open magnetic flux (Crooker et al. 2010; Fisk & Kasper
2020). Additionally, the coherent structure in the AM
flux between orbits may also indicate a connection with
the Sun’s large-scale magnetic field. For example the
HCS was likely similar in shape between EO01 and EO02
and so could have played a role in organising the AM
flux.

In our analysis, we have used the data as is, and con-
sidered the spatial variation of the AM flux and its con-
flation with the trajectory of PSP. However it is im-
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Figure 5. AM flux versus heliographic latitude, in the same format as Figure 4. The average AM flux for each 0.5° bin as a
function of latitude is shown for the protons (red), magnetic field stresses (blue), and their total (black).

portant to acknowledge the uncertainties on these mea-
surements, especially the measurements of v; from SPC,
which have yet to be fully explored. For example, during
more recent encounters in which the Solar Probe Anal-
ysers (SPAN, Whittlesey et al. 2020) have been able to
measure the proton velocities concurrently with SPC,
there are discrepancies which have yet to be resolved.
Over the course of PSP’s mission lifetime, as the instru-
ment characteristics are better determined, our under-
standing of the relative contribution of physical flows
and pointing error will increase. It is expected that the
signal to noise of SPC, and PSP in general, is signif-
icantly higher than previous spacecraft, such as Helios
and Wind (see Case et al. 2020, for further details about
SPC).

4. CONCLUSION

We have shown that PSP observed significant spatial
variability in solar wind AM flux, with some coherent
features between the first two orbits. In both orbits we
find wind streams that carry positive and negative AM
fluxes which are separated in longitude and latitude. We
evaluate two different winds streams which are repeat-
edly crossed by PSP around each perihelion. From this
analysis we show that the AM flux within a given stream
can vary substantially, with the slow wind stream (ob-
served during E01) having the largest variations (from
positive to negative values), and the intermediate wind

stream (observed during E02) being closer to a steady-
state flow. This contrast may be introduced by their
different solar wind origins, however at present there are
not enough observations to constrain this. By averaging
the data holistically we are able to produce smaller val-
ues for the equatorial AM flux than would be inferred
by using only data from the closest approaches of PSP.
These values are much closer to previous measurements
from a variety of spacecraft at larger radial distances
(see Table 1), where observations had previously been
averaged over ~ 27 day intervals to improve the signal
to noise (e.g. Finley et al. 2019b).

Assuming the solar wind AM flux is, on the large-
scale, distributed as Fan(0) =~ Fan,eq sin’ 6, the global
AM-loss rate implied by the average PSP observations
(r?Fan,eq = 0.31 — 0.50 x 10%%erg/steradian) is 2.6 —
4.2 x 10%%erg. This value is around a factor of 2 smaller
than what would be expected from a Skumanich (1972)
rotation period evolution (rotation rate o age=1/?; e.g.
Matt et al. 2015; Amard et al. 2019). This may reflect
a decrease in the AM-loss rate of Sun-like stars at the
age of the Sun, as proposed by van Saders et al. (2016),
though this value perhaps indicates a less abrupt change
to the AM-loss rate. On the other hand, models of
stellar rotation-evolution (relying on measured rotation
rates of stars at various ages) currently only probe the
AM-loss as averaged over timescales of ~ 10 — 100Myrs.
Historical estimates of the solar AM-loss rate are cur-
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rently limited by the available reconstructions of solar
activity, which are confined by the last ice-age (see Fin-
ley et al. 2019a). Over this period of around 9000yrs,
it is possible that the Sun had a reduced magnetic ac-
tivity compared to other Sun-like stars (e.g. Reinhold
et al. 2020), which should also be reflected in a weaker
AM-loss rate. Thus, if the Sun’s magnetism varies on
much longer timescales than can currently be measured,
AM-loss rates recovered from spacecraft observations
would remain ambiguous in the context of stellar spin-
evolution. However, this remains an interesting con-
nection between the Sun and other Sun-like stars that
will continue to be investigated using concurrent multi-
spacecraft observations of the solar wind AM flux (at
various radial distances), facilitated by PSP (Fox et al.
2016), the Solar Orbiter spacecraft (Mueller et al. 2013),
and existing instruments at lau. Additionally, with so-
lar activity increasing as the Sun enters solar cycle 25,
such multi-spacecraft observations will be able to study
the influence of varying activity on the solar AM-loss
rate.
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APPENDIX

A. THIRD ENCOUNTER DATA

During PSP’s third orbit, the SPC instrument stopped taking data during its approach to perihelion, which signifi-
cantly reduced the data available from this orbit. Using the publicly available dataset, we perform the same analysis as
in Section 2. The results from this are shown in Figure 6. As with E01 and E02, the magnetic stresses are consistently
around 0.1 x 103%erg whereas the AM flux in the protons shows strong positive/negative variations with longitude.
It is however difficult to compare this with the previous two orbits given the stark differences in spatial/temporal
sampling. Surprisingly, the average AM flux (when the data are binned versus heliographic latitude) is similar to that
gained by analysing EO1 and E02, though this is likely coincidental.
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Figure 6. Top: Similar to Figure 2. AM flux as observed by PSP during its third orbit, shown in a rotating frame with the

Sun. Bottom: Similar to Figures 4 and 5, now for the third orbit of PSP.
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