
Draft version September 4, 2024
Typeset using LATEX twocolumn style in AASTeX631

Decoding the formation of hammerhead ion populations observed by Parker Solar Probe

Shaaban M. Shaaban ,1 M. Lazar ,2, 3 R. A. López ,4, 5 P. H. Yoon ,6 and S. Poedts 2, 7
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ABSTRACT

In situ observations by the Parker Solar Probe (PSP) have revealed new properties of the proton

velocity distributions, including hammerhead features that suggest non-isotropic broadening of the

beams. The present work proposes a very plausible explanation for the formation of these populations

through the action of a proton firehose-like instability triggered by the proton beam. The quasi-linear

(QL) theory proposed here shows that the resulting right-hand (RH) waves have two consequences on

the protons: (i) reduce the relative drift between the beam and the core, but above all, (ii) induce a

strong perpendicular temperature anisotropy, specific to the observed hammerhead ion strahl. More-

over, the long-run QL results suggest that these hammerhead distributions are rather transitory states,

still subject to relaxation mechanisms, of which instabilities like the one discussed here are very likely

involved.

Keywords: Solar wind (1534); Space plasmas (1544); Plasma physics (2089)

1. INTRODUCTION

New in situ observations by the Parker Solar Probe

(PSP) in the young solar wind confirm an extended pres-

ence of the core-beam tandem in the observed proton

velocity distributions (Klein et al. 2021; Verniero et al.

2022). The theoretical and numerical modeling of these

populations thus becomes even more motivating, espe-

cially for understanding the origin of proton beams, but

also their implications in the solar wind plasma dynam-

ics (Klein et al. 2021; Verniero et al. 2022; Ofman et al.

2022). Existing scenarios, not necessarily in consensus,

predict that proton beams can be injected by magnetic

reconnection events at the coronal base but can also re-

sult from the trapping and acceleration of protons by

resonant waves, e.g., cyclotron or even kinetic Alfven

waves (Marsch 2006; Araneda et al. 2008; Pierrard &

Voitenko 2010). An immediate consequence of proton

beams is self-generated wave instabilities, which are ex-

pected to convert bulk kinetic energy to smaller scales

because the resulting wave fluctuations can subsequently

dissipate and heat the solar wind plasma (Marsch 2006;

Bale et al. 2019; Bowen et al. 2020). Favorable evidence

emerges from the PSP data, both regarding the source

of the proton beams and their regularization by self-

induced instabilities (Bowen et al. 2020; Verniero et al.

2022; Phan et al. 2022). Moreover, observations of pro-

ton beams simultaneous with ion-scale wave fluctuations

(Klein et al. 2021; Verniero et al. 2020) complement data

from, e.g., Helios, Wind and STEREO, and facilitate

solving a long debate on the dominance of right-handed

(RH) magnetosonic (MS) modes over left-handed (LH)

ion-cyclotron (IC) waves (Marsch et al. 1982; Daughton

& Gary 1998; Gary et al. 2016; Woodham et al. 2019).

Depending on their properties, the proton beams can

destabilize either RH-MS modes or LH-IC instability,

of which the generation of RH wave fluctuations seems

more complex and is still an open question (Verniero

et al. 2020).

In this letter, we show that the proton-beam firehose-

like instabilities of the RH transverse waves can deter-

mine a broad relaxation of the beams, resembling the
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hammerhead distributions reported by PSP (Verniero

et al. 2022). Section 2 explains the quasi-linear (QL)

formalism of the transverse instabilities induced by the

drifting bi-Maxwellian proton population. The param-

eterization used for the proton populations is realistic

and consistent with observations. In section 3, we dis-

cuss several relevant results from our parametric analy-

sis and provide a semi-quantitative comparison with the

observations. Growing waves partially convert the pro-

ton beam’s free (kinetic) energy into the heating of this

component, mainly in the perpendicular direction. The

properties of RH waves and the resulting temperature

anisotropy, Ab = Tb⊥/Tb∥ > 1 (∥,⊥ are gyrotropic di-

rections with respect to the background magnetic field),

also conform to the observations (Verniero et al. 2022).

The last section summarizes the results and draws the

main conclusions of this Letter.

2. QL APPROACH OF PROTON BEAM

INSTABILITY

In the proton (subscript p) velocity distribution

fp
(
v∥, v⊥

)
=

nc

np
fc

(
v∥, v⊥

)
+

nb

np
fb

(
v∥, v⊥

)
. (1)

both the core (subscript c) and beam (subscript b)

components are assumed well described by drifting bi-

Maxwellian distributions

fj
(
v∥, v⊥

)
=

π−3/2

α2
⊥jα∥j

exp

[
− v2⊥
α2
⊥a

−
(
v∥ − vj

)2
α2
∥a

]
. (2)

nc and nb are the core and beam number density, re-

spectively, and np = nb+nc is the total number density

of protons. αj∥,⊥(t) = [2kBTj⊥,∥(t)/mp]
1/2 are compo-

nents of thermal velocities, while vj are drift velocities,

which preserve a zero net current ncvc = nbvb. Accord-

ing to our QL approach, these velocities vary in time (t)

as a measure of energy exchange. Electrons (subscript

e) ensure a neutral plasma (ne = np). They are non-

drifting (ve = 0) and initially, isotropic and Maxwellian

distributed.

For this plasma configuration, the (instantaneous) dis-

persion relation for the RH transverse modes propagat-

ing parallel to the magnetic field reads (Shaaban et al.

2020)

k̃2 =δc
[
Ψc + Γ+

c+Zc

(
ξ+c

)]
+ δb

[
Ψb + Γ+

b−Zb

(
ξ+b

)]
+ µ

[
Ψe + Γ−

e Ze

(
ξ−e

)]
, (3)

k̃ = ck/ωpp is the normalized wave-number, c is the

speed of light, ωpp = (4πnpe
2/mp)

1/2 is the proton

plasma frequency, ω̃ = ω/Ωp is the normalized wave

frequency, Ωj = eB0/mjc is the non-relativistic gyro-

frequency of the plasma species j (with elementary

charge e), βj∥ = 8πnjkBTj∥/B
2
0 are the parallel plasma

beta parameters, Ψj = Aj−1, Aj = Tj⊥/Tj∥ ≡ βj⊥/βj∥
is the temperature anisotropy, µ = mp/me is the proton-

electron mass ratio, Uj = Vj/
√
δc, Vb = vb/vAc, vAc =

B0/
√
4πncmp is the proton core Alfvén speed, Zj

(
ξ±j

)
is the plasma dispersion function (Fried & Conte 1961)

of arguments

ξ+j∓ =
ω̃ + 1∓ k̃Uj

k̃
√
βj∥/δj

, ξ−e =
ω̃ − µ

k̃
√
µβe∥

,

and

Γ+
j∓ =

Aj(ω̃ + 1∓ k̃Uj)− 1

k̃
√
βj∥/δj

, Γ−
e =

Ae (ω̃ − µ) + µ

k̃
√
µβe∥

The QL evolution of the macroscopic parameters (mo-

ments of fj), such as the plasma betas β⊥,∥j and drifting

velocities Vj , is governed by the following equations

dβj⊥

dτ
=− δj

∫
dk̃

k̃2
W (k̃)

[
Λj γ̃ +G±

j⊥ η±j∓

]
, (4a)

dβj∥

dτ
=2δj

∫
dk̃

k̃2
W (k̃)

[
Aj γ̃ +Gj∥ η±j

]
, (4b)

dVb

dτ
=

√
δc
2

∫
dk̃

k̃
W (k̃) Im η+b−/

(
k̃
√

βb∥/δb

)
, (4c)

dVc

dτ
=
−
√
δc

2

∫
dk̃

k̃
W (k̃) Im η+c+/

(
k̃
√

βc∥/δc

)
, (4d)

in terms of τ = Ωpt, the instantaneous growth rate

γ̃(t) = γ/Ωp derived from the linear dispersion rela-

tion (3), the normalized wave (spectral) energy density

W (k̃) = δB2(k̃)/B2
0 , and

δj = nj/ne, Λj = (2Aj − 1) , Λe = µ (2Ae − 1) (5a)

η+j∓ =
[
Aj

(
ω̃ ∓ k̃Uj

)
+ (Aj − 1)

]
Zj

(
ξ+j∓

)
, (5b)

η−e =µ [Ae ω̃ − (Ae − 1)µ]Ze

(
ξ−e

)
, (5c)

G+
j⊥ =Im

2iγ̃ + 1

k̃
√
βj∥/δj

, G−
e⊥ = Im

2iγ̃ − µ

k̃
√
µβe∥

, (5d)

G+
j∥∓ = Im

ω̃ + 1∓ k̃Uj

k̃
√
βj∥/δj

, G−
e∥ = Im

ω̃ − µ

k̃
√
µβe∥

. (5e)

The wave equation completes the QL equations

∂ Wt(k̃)

∂τ
= 2 γ̃(τ) Wt(k̃). (6)

3. RESULTS SUPPORTING THE FORMATION OF

THE HAMMERHEAD PROTON BEAM
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Figure 1. Growth rates (γ̃) of the RHPB instability (top), and the corresponding time evolutions for the wave energy density
(second upper row), beam velocity (third row), and the beam temperature anisotropy (bottom) for different initial conditions:
vb/vAc = 3.0, 2.5, 2.0 (first-left column), nb/np = 0.06, 0.03, 0.01 (second column), βc∥ = 1.0, 0.41, 0.1 (third column), and
Ab = 2.0, 1.0, 0.62 (right column).

Here, we discuss the numerical results from linear and

QL analysis for 15 runs with different initial parameters:

Runs 1, 2, 3: |Vb(0)| = 3.0, 2.5, 2.0,

Runs 4, 5, 6: |Vb(0)| = 3.0, nb/np = 0.06, 0.03, 0.01,

Runs 7, 8, 9: |Vb(0)| = 2.0, βc∥(0) = 1.0, 0.41, 0.1,

Runs 10, 11, 12: |Vb(0)| = 4.5, Ab(0) = 2.0, 1.0, 0.62.

Runs 13, 14, 15 in Figure 3: |Vb(0)| = 4.5.0, 4.0, 3.5.

The other initial values used for the plasma parame-

ters are W (k̃) = 10−6, Aj(0) = 1, nb/np = 0.02,

βc∥(0) = 0.41, and Tb∥/Tc∥ = 2.465, unless otherwise

specified. These are estimations from the PSP observa-

tions in, e.g., Klein et al. (2021); Verniero et al. (2022).

3.1. Linear analysis

The dispersion relation (3) is solved exactly numeri-

cally to derive the unstable solutions of the RH proton-

beam (RHPB) mode, whose growth rates (γ̃) are dis-

played in Figure 1 (the first-row upper panels) as a func-

tion of the wave number (k̃). Growth rates are system-

atically enhanced, especially with increasing the beam

drift velocity |vb/vAc| (first panel left) and beam density

nb/np (second panel). Stimulation also consists of ex-

panding the range of unstable mode wavenumbers. The

increase of beam temperature in the perpendicular di-

rection has a similar but less significant effect (fourth

panel). If the beam velocity is larger, the growth rate

may combine both peaks of RH and LH modes (Shaa-

ban et al. 2020). The variation of growth rates is less

monotonic, as they increase and then decrease with the

plasma beta (third panel). This is specific to beam in-

stabilities of electromagnetic or transverse modes (Shaa-

ban et al. 2018, 2020). In this case, we deal with a

proton beam firehose-like instability that develops be-

tween two threshold conditions, between the regime of

electrostatic instabilities for a low beta parameter (or

thermal spread) and the regime of ion-cyclotron instabil-

ities for a high beta (or thermal spread). The wave fre-

quency of the unstable mode (not shown here) displays
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minor variations when the different plasma parameters

are changed. Note also that the unstable solutions de-

rived from the RH dispersion relation (3), i.e., with ξ+b,c,

have positive wave frequencies (ωr/Ωp > 0) for k̃ > 0,

confirming their RH polarization.
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Figure 2. Contours of proton velocity distribution for the
parameters in run 4, initially at τ = 0 (gray-dashed) and at
the final running time τ = 600 (red-solid), when the distri-
bution resembles the hammerhead shapes reported by PSP.

3.2. QL analysis

Beyond linear theory, we resolve the set of QL equa-

tions (4)–(7) for the initial parameters (i.e., at τ = 0)

of each run indicated above. The results are also shown

in Figure 1, first, the time evolution of the RHPB wave

energy density Wt(τ) ≡ δB2/B2
0 (second row upper).

Then we describe the back reaction of the growing waves

on the macroscopic plasma parameters, such as the

beam velocity |vb(τ)/vAc| (third row), and the induced

beam temperature anisotropy Ab(τ) (bottom). Each of

them corresponds to the initial growth rates displayed

in the first upper panels, with the same color style.

Let’s first discuss runs 1-3, aimed to show the varia-

tions with the beam velocity, and whose results are dis-

played in the left column of Figure 1, for |vb(0)/vAc| =
3.0 (blue), 2.5 (orange), and 2.0 (green). An increase

of the initial |vb(0)/vAc| can determine not only a faster

initiation (blue line) but also higher levels of the RHPB

fluctuations (second upper panel), confirming a stimu-

lation of the instability predicted by linear theory (top

panel). The excitation of RHPB fluctuations regulates

the free energy of the proton beam populations, reduc-

ing the beam velocity or relative drift (third panel), but

also through the beam population’s preferential cool-

ing and heating mechanisms. The relaxation of the

drift velocity is accompanied by perpendicular heating

of the beam and a relatively large anisotropy Tb⊥ > Tb∥
(bottom panel) reached at (or slightly before) the in-

stability saturation. These effects are more prominent

and faster for more energetic beams with a higher ini-

tial velocity. For example, the beam initially having

|vb(0)/vAc| = 3.0 loses ∼ 25% after relaxation, whereas

those with |vb(0)/vAc| = 2.5 and 2.0 lose ∼ 14% and

∼ 9%, respectively. Moreover, the initially isotropic

protons of the beam component, with Ab(0) = 1.0, ex-

perience a stronger perpendicular heating (blue line) if

their initial |vb(0)/vAc| is higher, resulting in a signifi-

cant induced temperature anisotropy at later stages, i.e.,

Ab(τmax) ≃ 2.9 for |vb(0)/vAc| = 3.0.

The second (left) column in Figure 1 displays the re-

sults from runs 4, 5, and 6, corresponding to different ini-

tial number densities of the beam, nb/np = 0.06 (blue),

0.03 (orange), and 0.01 (green): The temporal profile of

the wave energy density of RHPB fluctuations (second

upper panel), and their back reactions on the beam drift

velocity |vb(τ)/vAc| (third panel) and the beam tem-

perature anisotropy Ab(τ) (bottom). Denser beams are

more efficient in shortening the onset time of the in-

stability and stimulating the growth of the fluctuations

to higher levels after saturation, which also confirms

predictions from linear theory. As a result, the relax-

ation of the beam velocity |vb(τ)/vAc| becomes faster

and deeper, simultaneous with a strong induced (per-

pendicular) temperature anisotropy Ab > 1 (even af-

ter the saturation). However, the (maximum) induced

anisotropy Ab > 1 is lower for denser beams, in agree-

ment with the observational data collected by PSP in

Verniero et al. (2022), see panel (a) of Figure 2 therein.

In Figure 2, we plot, as an example, the contours of

the proton velocity distribution, initially at τ = 0 (gray-

dashed) and at the end τ = 600 (red-solid), correspond-

ing to the results from run 4 in Figure 1 (second left

column). It is evident that after the saturation of the

RHPB instability, the beam population is not only re-

laxed to lower drift velocities but also gains a strong

temperature anisotropy in the perpendicular direction,

resembling those observed by PSP for the hammerhead

populations (Verniero et al. 2022).

The third-left column in Figure 1 displays the QL re-

sults for runs 7, 8, and 9, for different initial values of the

core parallel beta βc∥(0) = 1.0 (blue), 0.41 (orange), and

0.1 (green), respectively. Temporal profiles of the wave

energy density (second upper row) and the proton beam

parameters do not change much. However, their depen-

dency on the initial values of βc∥(0) is less uniform, as

also found for the linear growth rates. For instance, the

faster onset and maximum level of the enhanced fluctu-
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Figure 3. Left: QL dynamical paths of temperature anisotropy (Ab) vs. beam-core drift velocity (vb−c/vAc). Black squares are
initial states, and the magnetic wave energy level is color-coded. The final states after saturation gather on the red curve (see
text): red (big) dots for runs 1-3 and 13-15, circles for 4-6, black triangles for 7-9, and green triangles for 10-12. Right: same as
left panel (black symbols reversed into white symbols) but superimposed on PSP observations, with color-coded (normalized)
number of events with hammerhead populations [adapted from Figure 2, panel (b), in Verniero et al. (2022) ©AAS].

ation are associated with βc∥(0) = 0.41, in agreement

with the peaking growth rate (top panel) from linear

theory. However, for the same run 8, the drift velocity

relaxation and the induced temperature anisotropy (or-

ange lines) reach intermediate values compared to the

other two cases. Moreover, the deeper relaxation of the

beam drift velocity is associated with the lowest induced

anisotropy (blue lines) in run 7 with βc∥(0) = 1.0, and

vice versa in run 9 (green lines) with βc∥(0) = 0.1.

The right (last) column in Figure 1 displays the QL

results for runs 10, 11, and 12, for different initial beam

anisotropies, Ab = 2.0 (blue), 1.0 (orange), and 0.62
(green), respectively. Differences obtained for the satu-

rated levels of the unstable fluctuations (second upper

panel) and the relaxation of the beam velocity (third

panel) are insignificant. However, the induced beam

temperature anisotropies for each run are notable. In

particular, Ab > 6 reached at the saturation of run 10

(which, however, starts with already an Ab(0) = 2), but

also for run 12, reaching Ab ≃ 4 at the saturation.

3.3. Constraints on the observed hammerhead

populations

Dynamic paths of the beam temperature anisotropy

Ab(τ) > 1, induced by the RHPB instability, as a func-

tion of relative beam velocity vb−c(τ)/vAc are displayed

for all 15 runs in Figure 3, both left and right panels. Ini-

tial states in the (Ab, vb−c/vAc)−space are shown with

black squares, and the magnetic wave energy (δB2/B2
0)

level is color-coded (rainbow scheme). The final states

after saturation are indicated with red (big) dots for

runs 1, 2, 3, 13, 14, and 15, circles for runs 4, 5, and 6,

black triangles for runs 7, 8, and 9, and green triangles

for runs 10, 11, 12. These temporal profiles show the

relaxation of beam drift velocity towards lower values

concomitant with the heating of the (initially isotropic)

beam protons in the perpendicular direction ending up

with a large anisotropy Ab(τ) > 1, at later times after

saturation. These effects are a direct consequence of the

enhanced RHPB electromagnetic fluctuations and are

consistent with the observations collected by PSP; see
the right panel and Figure 2 in Verniero et al. (2022). In

the right panel, we directly compare the dynamic paths

with the observations, superimposing on the PSP events

relevant for the hammerhead populations reported by

Verniero et al. (2022) in their Figure 2, panel (b). The

occurrence rate of the hammerhead distributions (nor-

malized to the total number of events and color-coded on

the right-side bar) is computed during the 7 hr ion-scale

wave storm. It can be interpreted as a measure of per-

pendicular velocity-space diffusion strength. A negative

drift velocity is chosen with respect to the orientation of

the magnetic field, according to the adopted instrumen-

tal convention.

Thus, all the dynamic paths follow the same trend,

passing through the specific states of the hammerhead

distributions, even those with the highest occurrence

rate. After the instability saturation, the final states
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align along the following marginal stability condition

(red curve in Figure 3)

Ab = 1 + a(−vb−c/vAc)
b, (7)

with a = 0.0019 and b = 8.04. These states also corre-

spond to the highest levels of wave energy density (color-

coded in the left panel). An exceptional result is that

this threshold precisely bounds the events characterized

by hammerhead distributions (right panel in Figure 3).

Regimes that are stable against the RHPB instabil-

ity are located on the right side of the stability thresh-

old (red line), as indicated by the black arrow. These

states occur when the drift velocities are annihilated by

the temperature anisotropies in the perpendicular direc-

tion, whether both are small or both tend to be large.

On the other (left) side of the stability threshold, the

RHPB instability is active, and there is a wave-particle

energy exchange, which is also suggested by the increase

in wave energy density. It is also worth mentioning that

the final states of ten out of the 15 runs settle down

and accumulate in relatively narrow parametric inter-

vals Ab = [1.8, 2.9], and vb−c/vAc = [−2.3,−2.2], in-

dicated within a dashed-line oval. These appear to be

the most likely quasi-stable states against the RHPB

instability predicted by our QL theory for the plasma

conditions reported by the PSP observations. Indeed,

the mean values of the beam drift velocity and the

perpendicular temperature anisotropy corresponding to

the events with hammerhead proton distributions are

vb−c/vAc ≈ 2.5 and Ab ≈ 2.5 (Verniero et al. 2022),

which are also in good agreement with our QL results.

4. CONCLUSIONS

PSP’s new in situ data from the young solar wind

should provide unprecedented details of plasma dynam-

ics at temporal resolutions superior to other missions.

In this Letter, we have investigated the formation con-

ditions of the so-called hammerhead population associ-

ated with core-beam distributions of protons from PSP

measurements (Verniero et al. 2022). We propose a rel-

atively simple QL approach for the RHPB instability

that provides sufficient evidence of its involvement in the

generation of such a hammerhead distribution through

direct action on the proton beam relaxation. Depend-

ing on the initial conditions chosen according to the PSP

observations, the energy density of the resulting waves

can reach a few percent (up to around 10 %) of the en-

ergy density of the (uniform) magnetic field. Moreover,

the growing RHPB waves convert the bulk energy of

the beam, preferentially heating the proton beam and

leading to a significant temperature anisotropy in the

perpendicular direction, Ab = Tb⊥/Tb∥ > 1 (Figure 1).

For all runs, the core protons and the electrons also gain

energies in the perpendicular direction. Still, the maxi-

mum values obtained do not exceed 12% of initial values,

e.g., Ac,e(τmax) increases from 1.0 to 1.12. Our results

strongly suggest that the third hammerhead population

is not necessarily a distinct one but intimately related

to the beam. The model proposed here naturally results

from the diffusion of beam protons induced by the insta-

bility in the velocity space in the direction perpendicular

to the magnetic field (Figure 2).

The importance of the present results is further high-

lighted by the exceptional agreement with the obser-

vational data (Figure 3, right panel). The QL dy-

namic paths obtained for different initial parameters

pass through the PSP events are found relevant for the

presence of hammerhead populations. Moreover, the

marginal stability, Equation (7), predicted by our QL

approach, shapes the margins of these unstable events

very well. Thus, we can conclude that these ham-

merhead distributions are rather transient states still

subject to relaxation mechanisms, among which kinetic

(self-generated) instabilities such as the one discussed

here are very likely involved. Future analyses with the

help of numerical simulations thus become very moti-

vating to confirm this hypothesis.
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