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Abstract

Events which meet certain criteria from star-tracker images on board the Juno spacecraft have been proposed to be
due to interplanetary dust particle impacts on its solar arrays. These events have been suggested to be caused by
particles with diameters larger than 10 μm. Here, we compare the reported event rates to expected dust-impact rates
using dynamical meteoroid models for the four most abundant meteoroid/dust populations in the inner solar
system. We find that the dust-impact rates predicted by dynamical meteoroid models are not compatible with either
the Juno observations in terms of the number of star-tracker events per day, or with the variations of dust flux on
Juno’s solar panels with time and position in the solar system. For example, the rate of star-tracker events on Juno’s
antisunward surfaces is the largest during a period in which Juno is expected to experience the peak impact fluxes
on the opposite, sunward hemisphere. We also investigate the hypothesis of dust leaving the Martian Hill sphere
originating either from the surface of Mars itself or from one of its moons. We do not find such a hypothetical
source to be able to reproduce the star-tracker event-rate variations observed by Juno. We conclude that the star-
tracker events observed by Juno are unlikely to be the result of instantaneous impacts from the zodiacal cloud.

Unified Astronomy Thesaurus concepts: Interplanetary dust (821); Zodiacal cloud (1845); Meteoroid dust clouds
(1039); Micrometeoroids (1048); Meteoroids (1040); Space weather (2037); Solar system (1528); Impact
phenomena (779)

Supporting material: animation

1. Introduction

In-situ detections of dust and meteoroid impacts larger than
several micrometers are extremely rare. This is due to the
tenuous nature of the zodiacal cloud, where we can expect
approximately one impact a day for particles larger than
D= 2.5 μm on a randomly spinning, flat 1 m2 detector orbiting
the Sun at 1 au (Grun et al. 1985). Only a handful of space
missions have been able to accumulate enough time and
collecting area to provide a sizable data set such as those from
Pegasus (Clifton et al. 1966) and the Long Duration Exposure
Facility (Love & Brownlee 1993). However, these missions
were on low Earth orbits and did not probe the meteoroid flux
outside Earth’s Hill sphere. Moreover, the correct interpretation
of these data sets is still debated and continuously reanalyzed
(Moorhead et al. 2020).

It has been proposed that Juno’s 60 m2 solar arrays, in
combination with star-tracker cameras, can be used as a dust-
impact detector (Benn et al. 2017). When a dust particle/
meteoroid impacts the solar panel with >1 km s−1 impact
velocity, it creates an ejecta cloud composed of a mixture of the
impactor and the solar panel surface material. If the ejected
debris is bright and large enough, it could be detected with star-
tracker cameras and, due to its unique trajectory, separated

from background objects such as stars and asteroids (Benn
et al. 2017). The detection method is restricted to the
antisunward-facing side of the solar arrays because the star-
tracker cameras would be blinded by the sunward-facing part of
the solar array. The first analysis reported 13 star-tracker events
(STEs) that were proposed to be due to distinct dust impacts
during 3.5 yr of Juno’s travel to Jupiter from 2013 January to
2016 June (Benn et al. 2017).
An extended analysis of Jorgensen et al. (2021) found a total

of 15,278 STEs. These STEs were proposed to be due to
interplanetary dust particle (IDP) impacts on the solar arrays,
where the increase in the number of STEs was due to more in-
depth analysis of the entire Juno star-tracker data set (Jorgensen
et al. 2021). A series of filters was applied to isolate IDP
impacts from other luminous sources such as stars, planets, and
asteroids, resulting in a lower limit of detected IDPs (Jorgensen
et al. 2021). The impact-rate profile inferred from the STEs
between Earth and Jupiter was unexpected and remained at
odds with established models of both the asteroid dust bands
(Nesvorný et al. 2006, 2010) and the inner zodiacal cloud
(Nesvorný et al. 2010, 2011a, 2011b; Pokorný et al. 2014);
Juno’s STEs were, according to Jorgensen et al. (2021),
dynamically linked to IDPs originating from 5:1 (1.779 au) and
4:1 (2.064 au) mean-motion resonances with Jupiter, whereas
established dust models place their source populations at and
beyond the main belt. Interpreting the STEs to be due to
individual dust impacts, a new, simplified model for the dust
and meteoroid environment from two distinct dust populations
was proposed: (1) a primary dust population associated with
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Mars and sharing its orbital elements, and (2) a secondary
population that results from scattering the primary population
through Kozai–Lidov oscillations (Jorgensen et al. 2021).
However, neither the source mechanism for these two dust
populations, nor an explanation for the disappearance of all
currently known dust sources (asteroids and comets) have been
presented in the literature to date.

2. Methods

In this section we first review the traditional meteoroid
models used in this article to supply the position and velocity
vector distributions of dust grains in the inner solar system. We
also introduce a simple dynamical model for a putative dust
cloud generated from dust escaping Mars’ Hill sphere. We
discuss the collision probability between particles from the dust
cloud and Juno during its flight. Ultimately, we analyze Juno’s
trajectory and pointing of its solar arrays, which are crucial for
the correct interpretation of our modeling efforts.

2.1. Meteoroid Models for the Zodiacal Cloud

In this article, we use a four-population dynamical meteoroid
model (Pokorný et al. 2019, 2020). This model combines dust
and meteoroids generated from the four most abundant sources
of dust in the inner solar system: main-belt asteroids (Nesvorný
et al. 2010), Jupiter-family comets (Nesvorný et al. 2011a),
Halley-type comets (Pokorný et al. 2014), and Oort cloud
comets (Nesvorný et al. 2011b). The particle diameter range for
all models is D= 10–2000 μm, where for all populations we
assume the same bulk density ρ= 2000 kg m−3. There are
several free parameters for the dynamical meteoroid model
used here: the size–frequency distribution at the source
following a single power law with a differential size index α,
the collision probability multiplier Fcoll, and the mass accreted
at EarthMpop for each of the four populations. Basic summaries
of all four meteoroid-population models used here and their
free parameters are shown in Table 1. The models used in this
article were constrained by numerous inner solar system
observations such as Infrared Astronomical Satellite observa-
tions of the zodiacal cloud (Hauser et al. 1984; Low et al. 1984;
Nesvorný et al. 2010), orbital distributions of radar meteors at
Earth (Galligan & Baggaley 2004; Campbell-Brown 2008),
meteoroid mass flux at Earth (Love & Brownlee 1993; Carrillo-
Sánchez et al. 2016, 2020) or meteor size–frequency distribu-
tion at Earth (Grun et al. 1985) and used to explain or
reproduce various meteoroid-related phenomena on Mercury
(Pokorný et al. 2017, 2018), Venus (Janches et al. 2020), Earth
(Swarnalingam et al. 2019), the Moon (Janches et al. 2018;

Pokorný et al. 2019), Mars (Carrillo-Sánchez et al. 2020), or
Ceres (Pokorný et al. 2021).

2.2. Collision Probability between the Spacecraft and the Dust-
particle Cloud

The meteoroid cloud in our dynamical models is represented
as a list of particle records. For each model particle we know
the diameter, D, number of meteoroids it represents, Nmet, and
the six orbital elements (a, e, i, Ω, ω, M), where a is the
semimajor axis, e is the eccentricity, i is the orbital inclination,
Ω is the longitude of the ascending node, ω is the argument of
pericenter, and M is the mean anomaly. For the spacecraft
itself, we use the SPICE framework to obtain the mean daily
position and velocity vector of Juno (rJuno, vJuno), and the
pointing of the solar array in heliocentric ecliptic coordinates
(λJuno− λe, βJuno), where λe is the ecliptic longitude of the
Sun, solar longitude. This provides sufficient information to
estimate the number of modeled meteoroid impacts on Juno’s
solar arrays.
We estimate the impact probability,  , of each particle

record in the model dust clouds with the Juno spacecraft using
the particle orbital elements (a, e, i) and spacecraft state vector
(rJuno, vJuno). The probability of a collision between a particle
and the spacecraft per unit time is

s
p b

=
- - -

( )
[( )] [( )( )]

 1
V

R a i R q Q R2 sin sin
,rel

3
hel

2 2 1 2
hel hel

1 2

where Vrel is the relative impact velocity between the particle
and the spacecraft, σ is the collision cross-section,
Rhel= ||rJuno|| is the heliocentric distance of the collision/
spacecraft, b = ( )z Rasin Juno hel is the ecliptic latitude of the
spacecraft at the time of the collision, and q and Q are the
meteoroid pericenter and apocenter distance, respectively
(Kessler 1981).
The calculation of the relative impact velocity, Vrel, from (a, e,

i) is also readily available (Kessler 1981). Alternatively, we can
use rJuno and (a, e, i) to derive the orbital velocity vector of the
particle record vpar at rJuno and then Vrel= ||vrel||= ||vJuno− vpar||.
Having vrel allows us to calculate the heliocentric ecliptic
coordinates of impacting particles (λpar− λe, βpar). Using the
known orientation of the spacecraft (λJuno− λe, βJuno) and great-
circle distance formula, we can determine at what incident angle,
j, the meteoroids impact the solar arrays:

j b b
b b l l

=
+ -∣ ∣ ( )

cos sin sin

cos cos cos . 2
Juno par

Juno par Juno par

Table 1
Description of Meteoroid Dynamical Models Used in this Work

Source Population Acronym Diameter References Mass Influx at Parameter
(μm) Earth (tons day−1) Settings

Main-belt asteroids MBA 10–2000 Nesvorný et al. (2010) MMBA = 3.7 Fcoll = 20
Jupiter-family comets JFC 10–2000 Nesvorný et al. (2011a) MJFC = 34.6 α = −4.0
Halley-type comets HTC 10–2000 Pokorný et al. (2014) MHTC = 2.82
Oort cloud comets OCC 10–2000 Nesvorný et al. (2011b) MOCC = 2.12

Note. The meteoroid model used here has six free parameters: the collisional lifetime multiplier Fcoll (Pokorný et al. 2014), differential size–frequency index α, and the
average daily mass influx at Earth Mpop for each of the four populations in metric tons per day (1000 kg per day or 11.57 g s−1; Carrillo-Sánchez et al. 2016; Pokorný
et al. 2019). The total number of particle records, Nrec, in the meteoroid models used in this article are as follows: MBA: Nrec = 462 × 106; JFC: Nrec = 305 × 106;
HTC: Nrec = 327 × 106; OCC: Nrec = 259 × 106. For more detailed information refer to the references in the table or Pokorný et al. (2018).

2

The Planetary Science Journal, 3:14 (9pp), 2022 January Pokorný et al.



Then, we calculate the collision cross-section, σ, as

s j= ( )A cos , 3Juno

where AJuno= 60 m2 is the collecting area of Juno’s solar
arrays. The detection efficiency of the initial analysis was
estimated to be ò= 0.07 for impactors tens of micrometers in
diameter (Benn et al. 2017). For the purpose of this article, we
assume that all meteoroid impacts with impactor D> 10 μm
are detected with 7% efficiency and smaller impactors do not
produce detectable STEs. Compared to the earlier studies
(Benn et al. 2017; Jorgensen et al. 2021), our D> 10 μm
threshold provides an upper limit on the modeled number of
meteoroid impacts. This allows us to revisit the detection
efficiency or the model parameters should the number of
modeled impacts exceed the values reported for Juno’s solar
array (Jorgensen et al. 2021).

Ultimately, the number of STEs expected to be detected by
Juno per day, assuming heliocentric position and velocity
vectors (rJuno, vJuno) and pointing (λJuno− λe, βJuno), is

l l b
l l b

-
= å -

( )
( )

( )






r v
r v

N
a e i N t

, , ,
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4
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Juno Juno Juno Juno

Juno Juno Juno Juno met k

where k is the index of a meteoroid model particle record, and
t= 86,400 s is the time period over which the collisions are
happening. We sum over all records in the meteoroid model.

2.3. Hypothetical Dust Cloud Generated from the Martian
System

A large portion of the STEs observed by Juno have been
suggested to be caused by dust produced near the orbit of Mars
or by Mars itself (Jorgensen et al. 2021). We simulate the dust
generated inside Mars’ Hill sphere by either Mars or its
satellites Phobos and Deimos, through generating dust particles
at the edge of the Martian Hill sphere by assigning the
particles’ position vector

= + ∣∣ ∣∣ ( )r r n R , 5par Mars rand hill

where rMars is the position vector of Mars at the time of particle
ejection, ||nrand|| is the normalized vector generated as

f q f q q(cos sin , sin sin , cos ) with f randomly selected from
[0, 2π] and θ randomly selected from [−π/2, π/2], and
Rhill= 0.0066 au is the radius of the Martian Hill sphere. All
particles generated upon ejection are given a velocity kick,
Vkick, pointing randomly so the velocity vector of the ejected
particle is

= + ∣∣ ∣∣ ( )v v n V , 6par Mars rand kick

where vMars is the velocity vector of Mars at the time of particle
ejection, and 0� Vkick� 1 km s−1. We only consider particles
with velocity vectors pointing outside Mars’ Hill sphere, i.e.,
we replace any inward-pointing particles with their outward-
pointing randomly generated counterparts.

For all generated particles, we assume the bulk density
ρMars= 1500 kg m−3, i.e., a value similar to that observed at
the surface of Mars (Moore et al. 1999). In our dust-cloud
simulation, we track the dynamical evolution of particles
having seven different diameters, D= 1.5, 2.0, 2.5, 5.0, 10.0,
25.0, and 50.0 μm. For each size we generate 5000 particles

using Equations (5) and (6). Due to solar radiation, micron-
sized particles are blown out of the solar system on hyperbolic
orbits. The critical heliocentric distance for ejection on
hyperbolic orbits is

b= ( )R a2 , 7

where β= 1.15× 10−3/(ρparD) is the ratio between the
radiative and gravitational forces (Burns et al. 1979) and ρpar
and D are in MKS units, i.e., for our D= 1.5 μm particle we
get β= 0.511. Particles smaller than D= 1.5 μm are ejected on
hyperbolic orbits regardless of the time of ejection from the
Martian Hill sphere due to the low eccentricity of Mars:
Rå< aMars(1− eMars). Particles with D= 2.0, 2.5 μm are
ejected on both bound and unbound orbits depending on the
time of their ejection. Particles with D� 5.0 μm are always
ejected on bound orbits.
Particles larger than D= 50.0 μm are expected to have

similar dynamical pathways as particles with D= 50 μm. We
assume, based on the number density of zodiacal cloud
meteoroids (Grun et al. 1985), that these larger particles
(D> 50 μm) have orders of magnitude smaller spatial number
density than their smaller counterparts and will not significantly
contribute to the number of observed impacts on Juno’s solar
arrays.
Our model dust particles are ejected at 10 different positions

of Mars uniformly spaced in time by 68.5 days, with the first
position starting on 2000 January 1 at 12:00 UTC. We thus
create 10 distinctive dust clouds and let them evolve in time
until all particles impact one of the planets, are closer than
0.05 au to the Sun, or are farther than 10,000 au from the
Sun. All particles are numerically integrated using the
SWIFT_RMVS_3 numerical integrator (Levison & Duncan
2013), where the effects of the Poynting–Roberson drag and
radiation pressure are included (Burns et al. 1979). The effect
of the solar wind on the particle dynamics is included as a 30%
enhancement of the magnitude of the Poynting–Robertson drag
(Mukai & Yamamoto 1982; Gustafson 1994). We do not take
into account particle collisions with the zodiacal cloud to
maximize the potential contribution of the hypothetical Martian
dust cloud.

2.4. Juno’s Trajectory and Pointing

In this article we analyze the data set of STEs recorded
between 2013 January 1 and 2016 April 14 (Jorgensen et al.
2021). We denote the number of days after 2013 January 1 as
τ, i.e., 2013 January 1 is τ= 0 and 2016 April 14 is τ= 1199.
During this time, Juno was on its journey to Jupiter and
experienced a multitude of orbit-adjustment maneuvers. In this
Section, we focus on the heliocentric distance of the spacecraft,
Rhel, and the solar-array pointing longitude and latitude
(λJuno− λe, βJuno). The variations of Rhel, (λJuno− λe, βJuno)
over 1200 days starting 2013 January 1 are shown in Figure 1.
The heliocentric ecliptic longitude, λJuno− λe, of the solar-
array pointing spans from −40° to +40° with an abrupt change
at τ= 160 (denoted as G1 in Figure 1). After the close
encounter with Earth on 2013 October 9 (denoted as G2,
τ= 281), the pointing longitude shows damped oscillations as
Juno flies through the main asteroid belt toward Jupiter. These
large oscillations in λJuno− λe mean that the solar arrays are
sensitive to different impact directions during the time period
of our analysis. The pointing ecliptic latitude, βJuno, is aligned
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with the ecliptic until τ= 281 (G2). After that, βJuno increased
to 16°.2 and then gradually decreased to 1°.4 at the beginning of
2016 January.

Juno’s heliocentric distance, Rhel, changes significantly from
the closest point at Rhel= 0.88 au at τ= 242 to Rhel= 5.44 au
at τ= 1199. In Figure 1, we also show the distance of Juno
from the ecliptic (z-axis distance) using different color-coding
(shades of red) of Rhel. Until the close approach to Earth (G2),
Juno stays in the ecliptic (|z|< 0.00024 au) and then its
distance from the ecliptic increases up to 0.24 au at τ= 720.

In the STE data set, two time periods with data gaps (G1 and
G2) and one with lower data collecting efficiency (G3) were
identified (Jorgensen et al. 2021). G1 and G2 are correlated
with significant spacecraft maneuvers and abrupt changes in
spacecraft pointing. We denote G1 as the time period between
τ ä [149, 191] and G2 as the time period between τä [277,
295]. G3 is the time period that Juno spent roughly in the main
belt and is represented by a cyan gradient in the time period
between τ ä [400, 575].

In summary, Juno’s trajectory and solar-array pointing
during the analyzed time period were quite complex and
underwent significant variations. Therefore, it is important to
correctly assess the impact probability of particles in the
meteoroid complex with Juno informed by the values shown in
Figure 1. For this purpose, we employ the Kessler (1981)
method discussed in Section 2.2. We emphasize that the initial
analyses of these STEs assumed the following: (1) all particles
with an ability to generate STEs indeed impacted the Juno
spacecraft, and (2) these particles followed a near-circular, low-
inclination Keplerian orbit. Furthermore, the Jorgensen et al.
(2021) analysis did not account for the collision probability or
detectability based on the impact directions of such particles

that impact Juno. These factors must be accounted for to
attempt to use the STE data set to infer the properties of the
zodiacal impact environment. In the following Section we
show our analysis of Juno’s expected dust-impact profile
accounting for these factors.

3. Results: Meteoroid Model Impacts on Juno Solar Arrays

First, we analyze the number of impacts per day our model
predicts for the Juno spacecraft, assuming the detection cross-
section of 60 m2 pointing toward the angles shown in Figure 1
and that each individual model impact generates a single STE
with 7% efficiency (Equation (4)). During the entire time frame
of our analysis, we expect a peak rate of N= 2.98 STEs per day
for the sum of all four meteoroid populations investigated here
(Figure 2(B)). The expected peak-STE rate occurs during the
data gap G2 period at τ= 280 days, and a second maximum of
N= 2.59 impacts per day at τ= 325 days. The total number of
detected STEs during the 1200 day period is Ntot= 511.9. From
Figure 2(B), and the maximum number of STEs, we find that
our meteoroid model cannot qualitatively or quantitatively
reproduce the Juno STE rates (Jorgensen et al. 2021) and
provides STEs rates 1–2 orders of magnitude smaller. Note,
that even assuming 100% detection efficiency (scaling our rates
by ∼14), our model predictions would still fall short both in
terms of daily impact rates as well as the total number of STEs.
The meteoroid model used here has been successful at

reproducing the meteoroid number flux for the LISA Pathfinder
spacecraft (Thorpe et al. 2019), which was sensitive to impacts
with momentum >1.0 μNs with 100% efficiency. This
translates to impactor diameters D≈ 35–45 μm for impact
velocities between Vimp= 10–20 km s−1 and particle bulk
density ρ= 2000 kg m−3. The number of particles impacting
the spacecraft is modulated by the size–frequency distribution,
which is one of the free parameters of the meteoroid model. To
test this free parameter, we assume that Juno is in fact detecting
particles much smaller than D= 10 μm or that the size–
frequency distributions of meteoroid populations are steeper
and produce smaller meteoroids than the model predicts. To
simulate this, we multiplied all model fluxes by a factor of 84 to
increase the maximum predicted number of STEs to N= 250,
and to better illustrate the variability of the impactor flux on
Juno’s solar arrays with time over the entire analysis period
(Figure 2(C)). It is evident that all four meteoroid populations
are expected to have peak-STE rates at Juno during the G2 data
gap and between τ= 310 and τ= 330. Moreover, the model
STE rate-time variation cannot reproduce the first 180 days
after 2013 January 1, where ∼100–250 STEs per day on Juno’s
solar arrays were reported. Even if we rescale any of the
meteoroid populations to match the number of STEs before the
data gap G1, the rest of the analyzed time frame would be
inconsistent with the values reported for τ> 200 days, reaching
N= 5000 predicted STEs per day between data gaps G2
and G3.
Figure 2(C) shows how sensitively dependent the modeled

STE rate is on the pointing of the solar arrays, as seen from the
modulations of N during spacecraft maneuvers during data gaps
G1 and G2. Another factor that significantly modulates the
impactor flux is the heliocentric distance of the spacecraft,
since the meteoroid-environment number density is propor-
tional to heliocentric distance as µ -Rhel

1.3 (Leinert et al. 1981;
Stenborg et al. 2021), and the orbital velocities of meteoroids
scale as µ -Rhel

0.5 (see, e.g., vis-viva equation). Approximately

Figure 1. Variations of the heliocentric distance, Rhel, of Juno and the pointing
angles of the solar array, (λJuno − λe, βJuno), in time starting on 2013 January
1. The primary x-axis shows the number of days since 2013 January 1 (τ),
whereas the secondary (top) x-axis shows the calendar years. The solar-array
pointing longitude, λJuno − λe, and latitude, βJuno, in heliocentric ecliptic
coordinates are represented by blue and green solid lines, respectively. The
pointing angle values in degrees are denoted by the left-hand-side y-axis. The
spacecraft heliocentric distance, Rhel, in au is represented by the red/white solid
line where its values are denoted by the right-hand-side y-axis. The Rhel line is
color-coded by the distance of Juno from the ecliptic (in au), where the range of
values is shown in the legend. The three cyan shaded areas represent time
periods with limited/no detection rates. G1 and G2 data gaps are caused by a
significant orientation change of the spacecraft. G3 represents a period when
the instruments were in a different operational mode, during which impact
detection was suppressed.
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150 STEs per day are recorded around τ= 10 days, where Juno
is at Rhel= 2 au, and no significant increase in STEs is
observed during the inbound phase of spacecraft orbit. In fact,
there are almost no STEs between the G1 and G2 data gaps,
where Juno’s Rhel reaches its minimum below 1 au. From a

multitude of in-situ spacecraft data, we know there should be a
considerable meteoroid flux of bound grains at and below 1 au
(e.g., Gruen et al. 1980; Szalay et al. 2021), and we would not
expect the zodiacal cloud to exhibit increasing density with
increasing heliocentric distance.

Figure 2. Panel (A): the same as Figure 1. Panel (B): number of star-tracker events (STEs) on Juno’s solar array per day between 2013 January 1 and 2016 April 14
(gray histogram). The number of STEs estimated for the four model meteoroid populations and their sum is shown as solid lines: main-belt asteroids (blue solid line),
Jupiter-family comets (green solid line), Halley-type comets (red solid line), Oort cloud comets (orange solid lines), and their combined value (black solid line). The
number of predicted meteoroid impacts is multiplied by the ò = 7% detection rate estimated in Benn et al. (2017) and used in Jorgensen et al. (2021) to convert model
impact rates to expected STEs. Note, that our meteoroid model predicts maximum N = 2.98 detected impacts per day, which makes the solid lines very close to zero.
We want to emphasize the magnitude of disagreement between the model and the observation. The three cyan shaded areas represent the time periods with limited/no
detection rates. G1 and G2 data gaps are due to significant orientation change of the spacecraft. G3 represents a period when the instruments were in a different
operational mode during which STE detection was suppressed. This plot shows that our meteoroid models predict 2–3 orders of magnitude fewer STEs than the
reported numbers. Panel (C): the same as Panel (B) but now all model expected STE rates are multiplied by a factor of 84 to scale the maximum predicted number of
STEs to 250. Our model cannot reproduce the first 200 days of STE rates and shows a different rate profile for the rest of the analyzed time period. An animation of
this Figure is available. The animation shows the evolution of Panel (A) on the left, the distributions of impact directions for all four meteoroid populations in the
middle, and Panel (C) on the right. The animation begins at launch on 2013 January 3 and concludes 1200 days later on 2016 April 13. The real-time duration of the
animation is 120 s.

(An animation of this figure is available.)
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What causes the discord between the observation and the
model? The most important factor is due to the antihelion
pointing of Juno’s “sensor” and the fact that during Juno’s
preperihelion passage (τ< 200), meteoroids impact the space-
craft from the helion/sunward direction. This very same effect
is observed and modeled for the Parker Solar Probe (Szalay
et al. 2020), where both Parker Solar Probe and Juno are on
highly eccentric orbits in the zodiacal cloud. During Juno’s
postperihelion leg the impactor direction shifts to the antihelion
direction, which results in elevated impact rates that are
accentuated by the heliocentric distance of the spacecraft. We
discuss dynamical reasons for the model–observation disagree-
ment in more detail in the Discussion, Section 5.

From our analysis, we conclude that our model can neither
reproduce the number of Juno STEs per day nor the general
shape of the number of STE variations with time. In the next
section we explore the alternative hypothesis of dust generated
inside the Martian Hill sphere by either Mars or its moons
(Jorgensen et al. 2021) and predict the STE rates for Juno from
this population. These results also apply to a more general
population of dust-producing sources sharing the orbital space
with Mars.

4. Impacts of Dust Generated by Mars and Its Moons

In Section 2.3 we discussed how we created the dust cloud
generated either by Mars or its moons, i.e., dust leaving the
Martian Hill sphere. It is important to note that there is no
evidence for a large abundance of dust generated by Mars or its
moons based on multiple spacecraft observations. For example,
the MAVEN spacecraft observed dust particle impacts using
impact-plasma-generated voltage spikes, but these dust impacts
were coming from interplanetary space and were in accordance
with nominal zodiacal cloud dust models (Andersson et al. 2015).

Additionally, there is no evidence for dust activity at either of
Mars’ moons, Phobos and Deimos (Pabari & Bhalodi 2017). We
pursue the hypothetical Martian dust for the sake of completeness
and to potentially find a missing piece of the dust complex which
was proposed to explain the STE observations (Jorgensen et al.
2021).
We track the orbital evolution of particles of vastly different

sizes, where four of our sizes, D= 1.5, 2.0, 2.5, and 5.0 μm, are
not detectable by Juno using the D� 10 μm cutoff, and the
remaining three sizes, D= 10, 20, and 50 μm, should be
detectable by Juno’s observing methods (Jorgensen et al.
2021). Particles with D� 2.5 μm (β� 0.383) can be ejected
from the Martian Hill sphere to Jupiter-crossing orbits due to
radiation pressure, which leads to a more complex dynamical
evolution due to frequent interactions with Jupiter and its
mean-motion resonances. Particles with D� 5 μm experience a
simple Poynting–Robertson drag-induced decay in semimajor
axis a and eccentricity circularization (e→ 0) and occasional
trapping in one of many mean-motion resonances with
terrestrial planets similar to dust particles released from the
main belt (see, e.g., Sommer et al. 2020). Mean-motion
resonances temporarily trap migrating dust particles, which
stall the particles from spiraling toward the Sun and pump the
particles’ eccentricities, but ultimately do not play a major role
in the global shape of the dust cloud generated from the
Martian Hill sphere.
Figure 3 shows the variation in number of detectable impacts

per day for 1200 days of the Juno mission starting 2013
January 1 for the model dust clouds generated from the Martian
Hill sphere. We scaled models of all particle sizes to provide
the maximum number of STEs per day on Juno N= 200 for
easier comparison of different particle sizes and STE rates.
There are two categories of impact profile for our Martian dust

Figure 3. The same as Figure 2, but now for dust particles released from the Martian Hill sphere. For each particle diameter, we scaled the according simulation to
provide a maximum of N = 200 modeled STEs per day. Particle cloud with D = 1.5 μm peak around 2013 January 1, while the particle clouds of larger particles with
D > 1.5 μm have peak values around the G2 gap (τ ≈ 278). No dust size or their combination is able to reproduce the STE rate profile reported in Jorgensen
et al. (2021).
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model. (A) Particles with D= 1.5 μm have peak values of N at
the beginning of our analysis time frame in 2013 January
(τ= 0) and decrease with time to N= 0 around τ≈ 90. The
smallest modeled particles start to impact Juno again when
Juno is close to its perihelion around the G2 gap and then again
after the data gap G3, which corresponds to dust grains pushed
by radiation pressure into orbits beyond the main belt to
Jupiter-crossing orbits. (B) Meteoroids with D� 2.0 μm do not
get a large radiation pressure kick upon their ejection and their
initial orbits are very similar to that of Mars. Most particles of
these sizes do not impact Juno’s solar array during the first 200
days, leaving the STE rates observed in this period unexplained
by any known or hypothetical dust population. All meteoroids
with D� 2.0 μm exhibit very similar impact-rate profiles with
peak values occurring during or just before/after the G2 data
gap (τ≈ 278), reflecting the expected particle number density
increase closer to the Sun. The sudden shifts in modeled N
during the G2 data gap reflect the abrupt movements of Juno’s
solar array and the change of the detector pointing. Comparison
to Figure 2(C) shows that the dust released from the Martian
Hill sphere follows similar dynamical pathways to meteoroids
originating from Jupiter-family comets and main-belt asteroids.

We furthermore analyzed a broader range of diameters for
dust ejected from the Martian Hill sphere, which is not shown
in Figure 3. We could not find any particular particle size or
their combination that would even remotely reproduce the Juno
STE rate profile. For this reason, our analysis cannot support
the Martian dust hypothesis due to the basic disagreement of
our model with the STE observations. We thus conclude that
the Martian dust hypothesis presented by Jorgensen et al.
(2021) is invalid as an explanation to the STE observations.

5. Discussion

In the previous Sections we showed that no combination of
our meteoroid models for the most abundant inner solar system
populations can reproduce the Juno STE rate profile (Jorgensen
et al. 2021). We also showed that dust ejected from the Martian
Hill sphere of various sizes cannot reproduce the Juno STE
profile either. This brings us to the conclusion that either (A)
our meteoroid models or our methods are vastly incorrect, or
(B) that STE observations do not represent the record of
individual dust impacts but rather a detection of a dust-impact
phenomenon that is either more complex in nature or not
related to dust impacts at all. Setting aside the fact that the
meteoroid models used in this article are able to reproduce most
of the meteoroid-related phenomena in the inner solar system
with high fidelity, the hypothesis that Juno STE rates are direct
detections of impacts from the zodiacal cloud (Jorgensen et al.
2021) is in direct conflict with the rules of orbital dynamics.
During the first 250 days after 2013 January 1, Juno was
plunging to the inner solar system on a highly eccentric orbit
(e= 0.44). During this preperihelion phase, Juno’s orbital
vector was closer to the Sun than the orbital velocity vector of
an object on a circular orbit, and thus the sunward side of the
spacecraft experienced enhanced meteoroid fluxes. However,
Juno STEs were exclusively tied to the antihelion side of the
spacecraft, where impacts were greatly diminished. On the
other hand, when Juno was in the postperihelion phase, the
number of impacts from the antihelion direction was enhanced,
and we see the enhancement of expected impact rates in
Figure 2. The same effect is expressed in our Martian dust
model on bound orbits, as shown in Figure 3. For this purely

dynamical reason, any bound population of meteoroids orbiting
the Sun will have higher flux on the antisunward side of the
solar panels during Juno’s postperihelion-passage phase. This
is, however, in disagreement with the Juno STE rates
(Jorgensen et al. 2021).
We show this pre- and postperihelion impact direction shift

for all four meteoroid populations in Figure 4, where we focus
on two temporal snapshots (τ= 125 and τ= 340). In
Figure 4(A) Juno is in the preperihelion phase and most of
the impacts on the spacecraft are concentrated in the sunward
direction (ecliptic longitude λ− λe= 0°). The concentric rings
representing different levels of jcos show that only Oort cloud
meteoroids are able to impact the antisunward-facing side of
the solar array, though on very shallow angles, decreasing the
collecting area significantly (Equation (3)). In the postperihe-
lion phase (Figure 4(B)) impacts from all populations shift to
the antisunward direction and are able to generate STEs;
however, still at much lower rates than the number of STEs
reported for Juno. We additionally tested hypothetical detector
pointings such as an helion/sunward-pointing detector, a
detector pointing into the ram direction of the spacecraft (the
direction of Juno’s instantaneous velocity vector), or the
antiram direction. None of these hypothetical detector pointings
were able to reproduce the reported number of STEs or their
variations in time. We also include an animation (Figure 2)
showing the distributions of impact directions for all four
meteoroid populations, together with the STE rates reported in
Jorgensen et al. (2021) and Juno’s trajectory information for all
1200 days of our analysis.
This leads us to the second scenario (B), suggesting that

STEs do not represent individual meteoroid impact events, but
are rather records of more complex impact phenomena or
events unrelated to meteoroid impacts. An extensive exposure
of the International Space Station solar array to meteoroid
impacts showed the variety of effects these impacts can have
on the structure and function of space-borne solar arrays
(Hyde et al. 2019). Without proper laboratory experiments,
we cannot rule out the possibility that singular impacts can
cause various cascade effects, which can result in subsequent
material ejection events from the solar array. Such material
ejection could occur as a result of continuous erosion by much
smaller dust grains than those considered to cause the reported
impacts, or thermal stress (Wienhold & Persons 2003). These
events could be delayed with respect to the original impact
and would not be related in the STE data set to the original
impact. This would also explain the existence of gaps in the
first 180 days after 2013 January 1, when on certain days
Jorgensen et al. (2021) reports 100+ STEs per day (i.e., total
of 1000+ impacts per day considering 7% STE detection
efficiency), while on subsequent days there are no impacts
recorded at all. This kind of behavior does not follow the
expected Poisson statistics seen for other meteoroid-related
phenomena, such as impacts on other spacecraft (e.g., Page
et al. 2020; Pusack et al. 2021; Szalay et al. 2021), meteor
detections at Earth (e.g., Pokorný & Brown 2016; Jenniskens
et al. 2020), or responses of airless bodies to meteoroid
impacts (e.g., Burger et al. 2014; Szalay & Horányi 2015).
For an overview of the observations and modeling of
meteoroid-related phenomena, see the recent review work
by Janches et al. (2021).
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Figure 4. Meteoroid impact directions of the four model populations. Panel (A): number of impacts per day per 2° × 2° solid angle in Sun-centered ecliptic
coordinates for MBA, JFC, HTC, and OCC model meteoroids (color-coded). We assume that the target is a sphere with a cross-section of 60 m2 and the impact
detection efficiency is 7%. Juno’s solar-array pointing direction is represented by a cross symbol that is surrounded by dashed circles showing levels of jcos factor
(Equation (3)), i.e., the attenuation of the effective collecting area due to shallower impact angles. Any impacts outside the “0” contour result in no STEs. This panel
shows impactor distribution on 2013 May 5 (τ = 124) when Juno reported 163 STEs and our model predicted N = 0.12 STEs. The spacecraft was at heliocentric
distance Rhel = 1.5 au, moving toward perihelion. Most of the impactors striked Juno from the sunward direction and are not expected to produce STEs. Panel (B): the
same as Panel A but now for the postperihelion passage on 2013 December 6 (τ = 339). The spacecraft was at Rhel = 1.38 au; Juno reported 43 STEs and our model
predicted N = 2.43 STEs. All meteoroid populations were concentrated in the antihelion region and were impacting Juno’s solar array efficiently.
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6. Conclusions

In this article, we showed that currently existing models for
the meteoroid environment in the inner solar system cannot
reproduce the STEs observed during Juno’s interplanetary-
cruise phase (Jorgensen et al. 2021). Both the number of
expected STEs Juno’s solar array should experience
(Figure 2(B)) and the meteoroid impact variations with time
(Figure 2(C)) do not show any potential to reproduce the
reported STEs.

We also showed that a hypothetical population of dust and
meteoroid particles ejected from the Martian Hill sphere is not
capable of reproducing the observed STE rates reported
(Jorgensen et al. 2021). Neither bound nor unbound dust
grains from this hypothetical Martian population show any
dust-impact profile signatures that could explain the STEs if
these would indeed be generated by dust impacts (Figure 3).

Ultimately, we showed that the orbital dynamics prefer
impacts from the sunward direction in the first 200 days after
2013 January 1, while the observed STE rate is 100+ per day
from the antisunward direction. This would imply much higher
fluxes in the postperihelion-passage phase of Juno’s voyage,
which is not reflected in the STE data.

Unless there exists an unknown and dense population of
meteoroids that shows increasing spatial density with increas-
ing heliocentric distance, contrary to all other zodiacal cloud
observations to date, and is specifically tuned to impact Juno
during the first 200 days after 2013 January 1, we have to
conclude that the Juno STE events are in fact not records of
individual impacts of meteoroids, but rather records of a
complex phenomenon observable by Juno’s star trackers that
may or may not be related to meteoroid impacts.
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