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ABSTRACT

Measurements of the near-Sun solar wind by Parker Solar Probe have revealed the presence of large

numbers of discrete Alfvénic impulses with an anti-Sunward sense of propagation. These are similar

to those previously observed near 1 AU, in high speed streams over the Sun’s poles and at 60 solar

radii. At 35 solar radii, however, they are typically shorter and sharper than seen elsewhere. In

addition, these spikes occur in “patches” and there are also clear periods within the same stream when

they do not occur; the timescale of these patches might be related to the rate at which the spacecraft

magnetic footpoint tracks across the coronal hole from which the plasma originated. While the velocity

fluctuations associated with these spikes are typically under 100 km/s, due to the rather low Alfvén

speeds in the streams observed by the spacecraft to date, these are still associated with large angular

deflections of the magnetic field - and these deflections are not isotropic. These deflections do not

appear to be related to the recently reported large scale, pro-rotation solar wind flow. Estimates of

the size and shape of the spikes reveal high aspect ratio flow-aligned structures with a transverse scale

of ≈ 104 km. These events might be signatures of near-Sun impulsive reconnection events.
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Early measurements of the solar wind near the Earth revealed the presence of coherent streams, lasting several days,

of relatively high speed (> 500 km/s) plasma with a single polarity. These fast streams originate in regions of open

magnetic field in the Sun’s corona, known as coronal holes (e.g. Cranmer 2002). In contrast to slower, more variable

wind, coronal hole streams are rather homogeneous on scales of minutes to hours and are pervaded by large amplitude

magnetohydrodynamic fluctuations which are Alfvénic in nature and have an anti-Sunward sense of propagation in

the plasma frame (Bruno & Carbone 2013).

The fundamental thermodynamics of the generation of the solar wind from a region of open magnetic field are

relatively well understood (Cranmer 2002), but it is clear that the fastest wind cannot be generated from a corona of

the observed temperatures without an additional driving mechanism, such as waves or impulsive reconnection-driven

events. While signatures of both waves and nano-flares are observed remotely in the solar atmosphere, the pervasive

Alfvénic fluctuations measured in situ in the solar wind have often been interpreted as being the remnants of coronal

waves and indeed their contribution to the solar wind energy and momentum budget has been assessed (De Pontieu

et al. 2007).

Coronal transients (jets, spicules, etc.) are near-ubiquitous phenomena that are observed all over the solar disk and

throughout the solar activity cycle. Coronal jets (see Raouafi et al. 2016, for a recent comprehensive review) are, as

seen in X-ray and EUV images, impulsive, beam-like structures (Cirtain et al. 2007). Remote observations of coronal

jets reveal a diverse range of phenomena over a broad range of scales. As successive improvements have been made

in the spatial and temporal resolution of remote observations, along with increased sensitivity, jet-like structures have

been revealed on successively smaller scales. We do not attempt a review of this field, but note a few key observational

characteristics: at least some jets last tens of seconds and are very narrow (≈ 300 km; Tian et al. 2014) but elongated

along the local magnetic field, propagating at a few hundred km/s, near the local Alfvén speed. Many originate in

coronal holes; they are often associated with transverse magnetic field motion, which is sometimes helical (Patsourakos

et al. 2008). The plasma associated with jets does not always escape into deep space and its ultimate trajectory is

determined by the magnetic field orientation above the jet (Culhane et al. 2007). Jets can be associated with the

longer lived, and more diverse, plumes that can be observed above coronal holes (Raouafi et al. 2008). The ultimate

cause of jets is not entirely clear, but magnetic reconnection seems likely to play a key role.

Raouafi & Stenborg (2014) discovered a new phenomenon of high magnetic activity at small scales. Using high

resolution EUV images and magnetograms from the Solar Dynamic Observatory, they observed small and short lived

transients occurring at the footpoints of plumes with coronal holes. They called these transients jetlets and it is believed

that the jetlet results from magnetic reconnection similar to nominal jets. The only difference is the frequency of this

new phenomenon. Jetlets are naturally short-lived with lifetimes ranging from few tens of seconds to a few minutes.

Jets are also seen off-limb out to several solar radii (e.g., Wang et al. 1998; Yu et al. 2014; Dobrzycka et al.

2002) although a difference in plasma properties, typically density, relative to the background is required for such

identification. The interplanetary signatures of coronal transients such as nano-flares, spicules and jets are not clear,

although there is some evidence for an association between solar wind speed enhancements on the scale of hours

known as “microstreams,” and polar plumes (Neugebauer 2012). Recent simulations of coronal jets (Uritsky et al.

2017; Wyper et al. 2017) show Alfvénic fluctuations propagating to high altitudes. Roberts et al. (2018) simulated

jets out to 35 solar radii (RS) and showed that observable signatures in the plasma speed and magnetic field could

be present but without significant density variations. While the jets simulated by Roberts et al. (2018) were much

larger than the events considered here, nevertheless the qualitative predictions are of interest: they suggest that an

originally discrete and coherent jet will, as it propagates, generate considerable substructure so that at tens of solar

radii, while the overall form of an elongated structure remains, the signature at a spacecraft could be very complex.

Recently, simulations by Tenerani (2019) have shown that Alfvénic structures such as those that could be produced

by jets can indeed survive in the solar wind out to tens of solar radii.

By the time it arrives near the Earth, the solar wind has spent several days in transit from the outer corona, during

which time the fluctuations evolve dynamically and interactions between parcels with different speeds and pressures can

mask the original state of the plasma. Measurements of the solar wind closer to the Sun are therefore of considerable

interest in determining the original dynamical state of the wind. Data from the twin Helios spacecraft near perihelion

at 0.3 AU (≈ 60 RS) showed a qualitatively similar picture to that at 1 AU, although since δB/|B| ≈ 1 at both

distances, with an Alfvén speed of ≈ 150 km/s the resulting velocity fluctuations were considerably higher amplitude

at Helios than at larger distances.
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The anti-Sunward sense of propagation of the fluctuations in coronal hole streams results in an asymmetry in the

resulting velocity variations, with a preference for enhancements in the speed, at least when the background magnetic

field direction is close to radial, or equivalently the Parker spiral angle φP = tan−1(BT /BR) is relatively small:

φP ≈ 45◦ at 1 AU and φP ≈ 10◦ at 0.3 AU. Here we use the RTN coordinate system (Hapgood 1992) where R points

anti-sunward, T is the cross product of R with the solar rotation vector and N completes the right-handed set. The

tendency for speed enhancements was first identified in near-Earth data by Gosling et al. (2011) and explained in more

detail by Matteini et al. (2014) using high latitude high speed wind measurements. Horbury et al. (2018) showed that

at 0.3 AU, these speed enhancements were large and, crucially, appeared to be isolated and intermittent rather than

a homogeneous population of waves. They suggested that these structures might be the interplanetary signatures of

coronal reconnection-driven jets, and hence that the solar wind might be driven, in part, by these jets rather than just

waves.

Launched in August 2018, Parker Solar Probe (PSP; Fox et al. 2016) has now sampled the solar wind far closer than

before, with a perihelion of just 35 RS . During its first perihelion, PSP encountered slow wind from a small equatorial

coronal hole and revealed the presence of isolated intermittent velocity enhancements associated with magnetic field

deflections, which have many similarities with those seen in earlier observations, but with some important differences

(Bale 2019; Kasper 2019). In this paper, we use magnetic field measurements from the FIELDS instrument (Bale

et al. 2016) and bulk plasma measurements from the SWEAP instrument (Kasper et al. 2016), present some of these

events and describe some of their key properties, including their durations and amplitudes. We demonstrate that

their orientations are not randomly distributed and make the first estimate of the size and shape of the structures,

showing that they are likely to be high aspect ratio structures with their long axis aligned with the flow. We compare

measurements from two solar wind streams at different distances and show that these are consistent with similar

structures being present in both. Finally, we discuss the potential link between these structures and transient coronal

events, particularly coronal jets.

We note in passing that there is as yet no consensus on a name for the isolated structures discussed here. The large

magnetic field deflections, which can exceed 90◦, have led some to term them “switchbacks” (Bale 2019; Dudok de

Wit et al. 2019), while the enhanced plasma speed has led to them being termed “jets” (Kasper 2019). Here, we avoid

either of these terms, particularly because the latter could cause confusion with remotely-observed coronal jets whose

causal link to these events is not fully established. Following Horbury et al. (2018), we therefore use the more neutral

term “spikes” to describe the observational signatures.

2. SPIKES AT 35 SOLAR RADII

Many spikes are visible in Figure 1, most easily as sharp variations in BR, many of which cause the radial component

to change sign. These are not changes in magnetic polarity (Kasper 2019; Whittlesey 2019), but reversals in the field.

They are associated with increases in VR and are largely Alfvénic, with highly correlated variations in all three

components of B and V .

One striking aspect of the spikes in Figure 1 is that they occur in “patches” lasting several hours separated by times

when the magnetic field is very quiet and close to the Parker spiral direction; during these quiet times the radial

proton bulk speed VR is rather lower than elsewhere. While the quiet regions are not entirely free from spikes, the

difference is clear; Bale (2019) have recently reported that these quiet periods, with nearly radial field, support a

distinct population of kinetic waves. While there is necessarily a qualitative aspect to identifying patch and non-patch

regions, patches seem to fill at least three quarters of the time near perihelion.

A shorter period of data is shown in Figure 2 where individual spikes can be seen as variations in BR away from

the background Parker spiral value: since φP is small, this is approximately the field magnitude. A patch of spikes

ends at approximately 17:15 in Figure 2, when the overall fluctuation level decreases, although there are still spikes

after this time. We note some other typical, but not ubiquitous, features of spikes: |B| is often smaller on average

in patches than outside (Bale 2019) and there are some significant short decreases in the field in some spikes. The

duration of spikes varies widely, with some lasting over ten minutes but some lasting only seconds. Some have sharp

boundaries, while others show rather slower variations in BR. In general, the magnetic field direction returns to its

original orientation following a spike – that is, there is no evidence that spikes are, overall, current sheets separating

two separate magnetic topologies, as might be expected across a simple reconnection jet outflow (Phan 2019).

We stress that not all MHD-scale fluctuations during perihelion are what we might term spikes. Isolated wave-like

structures are present at times, along with small scale fluctuations. Here, though, we concentrate on the spikes which
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Figure 1. Two days around perihelion for encounter 1. Panels show from top to bottom: T (blue) and N (red) components of
the magnetic field; T (blue) and N (red) components of the proton bulk velocity; R (radial) component of the magnetic field;
magnetic field magnitude; proton core density; proton core thermal speed; and proton core radial speed. Spikes are visible
as increases in BR and VR. The high correlation between magnetic field and velocity fluctuations demonstrates their largely
Alfvénic nature.

appear to be the dominant fluctuation power on MHD scales; the relation of these to the local turbulent cascade is

discussed by Dudok de Wit et al. (2019).

0

90

180

B
 (

d
e

g
)

14 30 15 00 15 30 16 00 16 30 17 00 17 30 18 00 18 30

2018 Nov 04 (308)  hour min (UT)

0

20

40

60

80

100

|B
| 
(n

T
)

Figure 2. A series of spikes. Panels are the angle of the magnetic field from the Parker spiral and magnitude of the magnetic
field respectively. Spikes identified by the algorithm described in section 2.1 are identified by thick bars in the top panel; the
threshold angle is shown as a dashed line.
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The events described here are, in many ways, similar to those previously observed, particularly those at 60 RS

by Helios (Horbury et al. 2018). They are short (seconds to minutes) Alfvénic deflections in the magnetic field and

velocity, resulting in velocity enhancements. They are very common, but there are times when they are not present,

when the wind is typically slower and fluctuations are generally much lower (c.f. Figure 8 of Horbury et al. 2018).

Nevertheless, there are some differences, perhaps the most striking being the much lower amplitudes of the velocity

enhancements compared to those at Helios, where the bulk velocity could reach 1000 km/s. This is due both to the

background wind speed being low and Alfvén speed being small: since the maximum speed enhancement is twice the

Alfvén speed (Matteini et al. 2014) this means that the actual velocity spikes were rather modest.

The grouping of spikes into patches is not clear in Helios data, although what we might term the “filling factor,” the

fraction of the time when spikes were generally present, seems at least roughly comparable at around three quarters

of the stream – this is a remarkably high fraction and suggests that spikes must play a significant role in the dynamics

of wind from coronal holes.

2.1. Automated identification of spikes

While spikes are often clear by eye in the time series, in order to study them in a more systematic manner, they

were identified using an algorithm similar to that used by Horbury et al. (2018). A spike was considered to start when

the magnetic field vector (using 1 vector/s data) deflected more than 30◦ from the local Parker spiral direction (based

on the spacecraft solar distance and background solar wind speed), and end when it returned below this value. Other

thresholds (45◦, 90◦) were used but our results are not very sensitive to this value other than identifying fewer spikes

when using a larger threshold. Spikes with durations less than 5s were rejected; again, the results are not very sensitive

to this value. In the four day period (4-7 November 2018) around perihelion, 2206 spikes were identified, with a mean

duration of 73 s and a mode of 9 s; they covered 46% of the interval. Bars on the top panel of Figure 2 show the spikes

identified during this time.

While it is clear from Figure 1 that fluctuations associated with spikes are large and are present in all components of

the magnetic field, these are not entirely random. Indeed, although not shown explicitly here, in general the magnetic

field vectors within a spike lie along a single arc (great circle), rather than having a helical structure. For each spike, the

mean magnetic field vector within it was calculated and its direction with respect to the local Parker spiral angle was

determined, as the angle of the vector projected on to the plane perpendicular to the Parker direction that also contains

the N direction. This is the TN plane rotated so that it is perpendicular not to R, but the Parker spiral direction.

Effectively, this procedure finds the component of the field deflection that is perpendicular to the Parker spiral. For this

perpendicular vector, its direction in this plane was characterised by its “clock angle” where 0, 90, 180, 270◦ correspond

respectively to the +N, +T, -N, -T directions. Since the Parker spiral angle during perihelion was between 10 and 15◦

from the radial, this rotation into the Parker direction has only a small effect on the results presented here.

The clock angles of the spike magnetic field deflections are shown in the top panel of Figure 3 as circles, whose area

is proportional to their duration. Despite a very broad distribution, nearby spikes tend to have similar clock angles.

In part this could be due to the identification of multiple spikes from the same physical event due to fluctuations in

the field vector around the 30◦ criterion angle, but the consistency in deflection direction can last several hours, longer

than any realistic single event. There is also some evidence for progressive changes in orientation over a few hours

within a patch and a clear tendency for longer duration (larger circles) spikes to have deflections with clock angles

near 90◦, which corresponds approximately to the +T direction.

During its first encounter, PSP measured a persistent, significant transverse deflection in the mean flow close to the

Sun (Kasper 2019) which reached around 30 km/s in the +T direction at perihelion. Since long duration spikes often

deflect in this direction, one might therefore conclude that the spikes cause this deflection in the mean flow speed and

that in the absence of spikes, there would be no mean flow deflection. However, this does not seem to be the case. In

order to demonstrate this, we need to identify the background flow direction in the absence of the spikes.

2.2. Identifying the underlying plasma frame

The deHoffman Teller (HT) frame in a plasma (e.g. Khrabrov & Sonnerup 1998) is one where the electric field is

zero. It is widely used in shock analysis but can be applied elsewhere. In particular, while it can be calculated at

any individual point in space using electric and magnetic field measurements, it can also be determined in a statistical

sense over an interval using magnetic field and velocity data. This procedure identifies a frame where the magnetic

field structure is stationary: in general, such a frame need not exist over a finite volume in a plasma, but if the plasma

is dominated by Alfvénic fluctuations of one sense of propagation, in essence it identifies their propagation velocity.
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Figure 3. Panels from top: clock angle in the TN plane of the background VHT (solid line) and the mean magnetic field in
spikes (dots: size corresponds to duration); radial field component; T and N components of the mean proton solar wind speed
(stepped line) and VHT (dots); same for the R component; solar distance.

The procedure of identifying the de Hoffman Teller frame VHT is straightforward (Khrabrov & Sonnerup 1998)

and uses a period of magnetic field B(t) and velocity vectors V(t) (we use one hour intervals here) to find VHT by

minimising the quantity ∑
t

|[V(t)×B(t)]− [VHT ×B(t)]| (1)

in a least squares sense. In the presence of outward-propagating Alfvénic fluctuations this procedure is remarkably

robust. In this frame, Alfvénic velocity fluctuations are located on a sphere centred at zero with a radius of the Alfvén

speed VA: a simple test of the success of this procedure is then to compare the angles of magnetic field vectors with

those of the velocity in this frame, where the agreement is normally very good.

To our knowledge the HT frame has not previously been applied to large scale solar wind data and we will return

in a later work to a more detailed discussion of its properties, which are of interest in identifying large scale stream

structure: it is also related to the frame in which heavy ions such as alphas stream during Alfvénic periods (e.g.

Matteini et al. 2015). The invariance of the latter frame in the presence of such fluctuations was previously noted in

Helios data by Thieme et al. (1990). The HT frame is neither the mean solar wind velocity < VP >, or the bulk

velocity in the absence of any Alfvénic fluctuations V0; here, we calculate boxcar means over one hour periods. The

components of < VP > and VHT are compared in Figure 3, where significant differences can be seen. In principle,

VHT lies a distance VA in velocity space away from V0 along the Parker spiral direction and in practice the radial

component of VHT is larger than that of < VP > by around the local Alfvén speed, which here is around 60 km/s

while < V0 >≈ 350 km/s, as can be seen in panel 4 of Figure 3. While we could subtract VA along the Parker spiral

direction to achieve our best estimate of V0, we have chosen here to simply use VHT as our estimate of the underlying

plasma flow direction, since it is approximately co-aligned with V0.
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The utility of VHT is that it identifies a frame which does not vary in the presence of any individual Alfvénic

fluctuation such as a spike and we can therefore use it to quantify any underlying flow deflections, which would

otherwise not be possible since the asymmetry of spike velocity deflections would bias the calculation of a mean

velocity. Figure 3 shows significant differences between VHT and the mean velocity, with the former generally being

more stable, while the latter is greatly affected by spikes. The systematic value of ≈ 30 km/s in the +T direction is

the flow deflection identified by Kasper (2019) and we can see that there is no similar deflection in the N direction.

The clock angle of VHT is shown on the top panel of Figure 3 where its consistent value around +90◦, corresponding

to a deflection in +T, is clear. Crucially, this does not vary, even while the spike deflection changes between patches.

This is strong evidence that the flow deflection is not caused by spikes. Indeed, while during this interval the flow is

consistently deflected in +T, as shown in Figure 4, the spikes are not. Rather, they show a tendency to deflect in both

+T and -T rather than other directions. This is a weak result, but seems to be present in other intervals of data in

perihelia 1 and 2.

Figure 4. Histogram of the clock angle in the TN plane, of (red) the background flow velocity VHT and (blue) the mean
magnetic field deflection in a spike.

3. SIZE AND SHAPE

The spikes within the perihelion stream of encounter 1 have a wide range of durations at the spacecraft. Whatever

the physical origin of these structures, it is inevitable that they exist over a range of scales (Dudok de Wit et al. 2019).

Nevertheless, it is possible to use the information on the distribution of durations to infer additional information about

the properties of the spikes.

There is a correlation between the duration of spikes and the mean magnetic field deflection within them (Figure

5). This could have many causes: any structure that has a finite size, with a larger field deflection nearer its centre

than its edge, will inevitably produce such a correlation depending on how deep the spacecraft cuts through it. Of

more interest is a correlation between the duration of the spikes at the spacecraft and the transverse velocity of the

spacecraft through them. This is shown in Figure 6 and merits a detailed discussion.

3.1. Determining spike shape using flow deflections

The instantaneous velocity of the plasma relative to the spacecraft VRel = VP −VSC , where VSC is the spacecraft

velocity, is shown schematically in Figure 7. The perihelion stream in encounter 1 was unusually slow for a coronal

hole flow, with background speeds VP ≈ 300− 500 km/s. The ≈ 30 km/s transverse, +T, component resulted in the

wind propagating on average at an angle of around 6◦ from radial, an unusually large deflection. The spacecraft itself

was travelling at VSC ≈ 90 km/s in approximately the +T direction as a result of its eccentric orbital motion and

hence relative to the spacecraft, the background wind was travelling in the -T direction as well as in +R, since the

spacecraft speed in +T was greater than the flow deflection speed.

Alfvénic velocity fluctuations due to spikes moved the velocity VP around the sphere centred on VHT . When this

deflection was towards -T (panel (c) of Figure 7), this resulted in VRel being at large angles to the radial, up to 20◦

- a far larger angle of the sampling direction to the radial than has ever been experienced by a spacecraft before. In

contrast, a spike with a deflection of VP towards +T (panel (d)) would result in VR being near radial. There is therefore

a systematic dependence on the direction through which the spikes were sampled, and the direction of the velocity
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and field deflection within them. It appears that this might be responsible for the dependence of spike duration on

transverse velocity seen in Figure 6.

If the spike structures are fundamentally long and thin, aligned approximately radially, then depending on the

angle at which the spacecraft passed through them, one would expect their spatial extent to vary: passing through

the long axis of a cigar-like structure would naturally result in a longer extent than crossing perpendicular to it.

This is consistent with Figure 6 where the longer duration (and hence spatially larger) spikes are observed when the
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Figure 7. The direction at which the spacecraft passes through the plasma is dependent on the spike deflection vector. (a)
The magnetic field vectors lie on a sphere (here, shown in 2D) due to the Alfvénic nature of the fluctuations; B = 0 is at the
centre of this sphere and in the absence of fluctuations, B0 lies at the Parker angle φP to the radial. (b) Velocity vectors also
lie on a sphere of radius VA, but its centre (in RTN) is at VHT . Near perihelion, VHT has a +T component of ≈ 30 km/s. (c)
If a spike deflects in -T, the velocity in RTN becomes nearly radial, but due to the spacecraft velocity of ≈ 90 km/s in +T, the
relative velocity VRel has a significant -T component and has a large angle to radial. (d) If the deflection is in +T, the relative
velocity VRel can become nearly radial. This diagram is approximately to scale for spikes on 2018 day 309.

transverse velocity is small. Here, the transverse velocity relative to VHT , rather than the radial direction, is used.

This is physically more meaningful if the structures were aligned with the local background flow, and also shows a

slightly better dependence on transverse speed than comparing to the radial or Parker spiral directions, although there

is a great deal of statistical scatter. Given how closely aligned are all three directions, it is difficult to distinguish

between them statistically.

In an attempt to quantify the size and shape of the spikes, we have calculated the mean spatial extent – the duration

of a spike crossing, multiplied by VRel – as a function of the angle of VRel to the underlying flow vector VHT : this is

shown in Figure 8. There is naturally a large error associated with these estimates, both from the angle estimates –

probably only accurate to a few degrees at best given that we are using a mean velocity during each spike, and VHT

rather than the true background flow direction – and the duration, since we judge the duration of a spike simply from

the time the field deflection passes 30◦ to the Parker spiral, to when it returns below that value. In particular, any

substructure on a spike would naturally be identified as multiple spikes and indeed the distribution of spike durations

appears to be a power law (Dudok de Wit et al. 2019) and does not have a peak at any particular scale. Rather, then,

we are estimating the relative scale in each direction.

Despite all these uncertainties, there is an apparent angular dependence of the spike size seen in Figure 8, with

larger values at smaller angles. The dashed line is not a fit to the data, but the expected functional form for an

infinite tube aligned along the background flow (e.g. Archer et al. 2005), λ(θ) = λ0/ cos(θ). Here, the transverse scale

λ0 ≈ 7 × 103 km. Clearly the spikes are not infinitely long tubes, but it is challenging to identify a scale for their

long axis, given the uncertainties in angles. It seems likely, however, that their long axis is several times that of their

transverse scale, at several tens of thousands of km.
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Figure 8. Mean size (in km) of spikes in the two days around perihelion in encounter 1, as a function of the angle at which
the spacecraft passed through the spike with respect to the background flow VHT . The dotted line corresponds to an infinite
tube with a diameter of 7× 103 km.

3.2. Comparison with other streams and distances

The question naturally arises whether the spikes at perihelion are typical of those at 35 RS or coronal hole flows

in general and indeed whether they are similar structures to those in Helios data. Fortuitously, PSP passed through

a more conventional high speed coronal hole stream after perihelion: here, we consider the four days 2018 322-325

(November 18-21) inclusive, when the spacecraft travelled between 83 and 99 RS . The solar wind speed was between

400 and 600 km/s and VA ≈ 70 km/s. Spikes were present throughout, with some quieter gaps lasting several hours

which are reminiscent of those in the Helios stream studied by Horbury et al. (2018), but the “patch” variation seen

at 35 RS , with long term modulations of the spike amplitudes, was not present.

The high wind speed and slow spacecraft motion of around 40 km/s in the +T direction during the stream meant that

the spacecraft passed through spikes at only a relatively narrow range of angles compared to the case near perihelion.

Applying the method of section 3.1 reveals sizes of ≈ 6× 104 km at angles of ≈ 10◦ to the HT frame, consistent with

those at perihelion.

We conclude that the spikes seen at perihelion during encounter 1 are likely to be consistent with those previously

reported, and those observed elsewhere by PSP, but the complex interplay between spacecraft motion, stream flow

speed and spike deflection results in a significantly different character in the time series at these different locations.

4. DISCUSSION

We have presented an early analysis of some aspects of the properties of solar wind velocity spikes in the solar

wind near 35 RS . These appear to be qualitatively similar to those previously seen at larger distances despite the

unusual nature of the source coronal hole resulting in a slow but Alfvénic wind. This low speed, combined with the

near co-rotation of the spacecraft at perihelion, resulted in unique observations which make it possible to determine

properties of the events which could not otherwise be achieved.

The spikes appear to be elongated, probably along the flow but possibly along the background magnetic field – these

two directions are too closely aligned to make a clear distinction – and their transverse scale is of order 104 km. They

are Alfvénic and contain substantial substructure; some are associated with decreases in the field magnitude, but most

are not. Individual spikes tend to deflect in one direction, as arcs, before returning to the original direction. Different

spikes deflect in different directions, but groups of spikes sometimes have a consistency of deflection.
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It is natural to compare the observed properties of spikes with what might be expected from a coronal jet. Unlike most

remote observations of jets (e.g. Dobrzycka et al. 2002) and fine scale structure of the near-Sun solar wind (Raymond

et al. 2014; DeForest et al. 2016) – and indeed some previous observations of fine scale solar wind substructure

(Borovsky 2008) – the events observed here do not have large density contrast, in common with those seen in Helios

(Horbury et al. 2018). If the spikes are indeed related to coronal jets, it might be that the plasma jet is assimilated

into the ambient plasma, leaving only the Alfvénic fluctuations to propagate into the solar wind (Roberts et al. 2018),

or that the plasma in the jet is not sufficiently energetic to escape the Sun’s gravity.

The spikes at perihelion of PSP’s first orbit tend to occur in “patches” lasting several hours, separated by much

quieter intervals. The duration of these patches might be the result of the Parker Solar Probe orbit. The first three

orbits of Parker Solar Probe are unique in that the spacecraft tangential velocity near perihelion, around 90 km/s, was

close to the corotation velocity at the spacecraft distance. This, combined with the large expansion factor of the flow

from the small equatorial coronal hole in which it originated, means that the footpoint motion of the spacecraft was

lower than has ever been achieved by a spacecraft before. Ballistic projection to 2.5 RS followed by a Potential Field

Source Surface mapping based on GONG magnetograms (see also Badman et al. 2019) suggests that the spacecraft

magnetic footpoint moved at around 100 km/hour during perihelion. While such numbers have, by their very nature,

large uncertainties, if particular regions within the equatorial coronal hole were generating jets, for example coronal

bright points or lanes between supergranules, the duration of the patches at PSP could correspond to the spatial scale

of these regions rather than the duration of activity of a given region. Indeed, given a duration of several hours,

individual patches seem unlikely to be the result of a single coronal jet, but rather could represent a region within a

coronal hole flow – for example a plume – below which multiple jets occur. PSP measurements of a coronal hole at

larger distances did not exhibit the same patchy modulation of spike amplitudes. A similar analysis of the footpoint

motion of the spacecraft for that stream resulted in values of up to ≈ 103 km/hour, an order of magnitude higher

than at perihelion. If the duration of patches of spikes at PSP during perihelion, of several hours, was due to the slow

tracking of the spacecraft over source regions, the corresponding timescale during this later stream would be less than

an hour. This timescale is only a few multiples of the time between spikes seen at perihelion, so it might be that the

quiet, inter-patch intervals seen at perihelion cannot be identified at larger distances and would not ever be seen at

other spacecraft.

The preference for the magnetic field to deflect in particular directions within spikes, and the consistency of this

direction within patches, is hard to explain. One possible cause might be large scale, non-radial magnetic field

components in the lower corona, causing preferential interchange reconnection in a given direction and hence a preferred

sense of deflection of the resulting Alfvénic spike.

Using our crude spike identification algorithm, 46% of the coronal hole flow was filled with spikes, but patches filled

perhaps three quarters of the perihelion stream. This is a significant challenge to theories of their origin: remote

observations of conventional coronal jets do not come close to this frequency, although jetlets (Raouafi & Stenborg

2014) seem more common. While smaller events, below the resolution of existing telescopes, might well be more

numerous, and simulations of jets suggest that individual events shred into elongated complex structures which could

result in multiple apparent spikes at a spacecraft, the near-ubiquity of the spikes is notable.

Some other spike properties are more consistent with remote observations of jets and waves, with durations of

seconds to minutes and speeds of ≈ 100 km/s above the background wind. Transverse scales of 104 km are also similar

to some observations (e.g. Raouafi et al. 2016) but perhaps surprising: given the overexpansion of the flow from the

equatorial coronal hole, combined with a transverse expansion due to conserving a solid angle extent, one might expect

the cross-flow scale at 35 RS to be much larger than that near the Sun. Again, though, since the complex outflow from

one single near-Sun event could result in many spikes at PSP, it is hard to make a quantitative comparison between

these two scales.

Many spikes have magnetic field deflections of more than 90◦ - this is a well known property of low frequency

fluctuations in the solar wind, where δB/B ≈ 1 (Bruno & Carbone 2013). It is, however, challenging to models of

the formation of such structures; recent simulations (e.g. Roberts et al. 2018; Wyper et al. 2017) do not generate such

large deflections. Indeed, the configuration of the magnetic field within these events is not clear at this time (Tenerani

2019) and will require considerable future work. Nevertheless, the observations of propagating Alfvénic fluctuations

away from coronal jets (Nistico et al. 2010) are broadly consistent with what is observed at PSP.

Perhaps the most notable characteristics of the spikes that suggest a jet origin are their bursty, intermittent nature;

their organisation into patches; and their non-random sense of magnetic field deflection in time. All of these seem
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qualitatively consistent with a jet origin, but are far harder to explain from simple coronal waves. Nevertheless, the

origin of the spikes, and their ultimate role in the generation and acceleration of the solar wind, remains unclear for

now. In the near future, PSP perihelia far closer to the Sun, particularly combined with simultaneous remote sensing

data, are likely to resolve these issues.
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