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Abstract18

A map of vertical cutoff rigidities has been calculated for galactic cosmic ray (GCR) en-19

try into the atmosphere of Jupiter at the 1 bar pressure radius (1 RJ = 71,492 km) us-20

ing the JRM33 comprehensive model of Jupiter’s magnetic field (based on 32 close fly-21

bys of Jupiter by the Juno satellite) along with a particle trajectory code (Geomagnetic22

Cutoff Rigidity Computer Program). The map was combined with measurements of the23

GCR proton flux at Earth, from the BESS-Polar ii campaign, to calculate a correspond-24

ing proton flux map at Jupiter. Additional cutoff rigidity maps were calculated for 100025

km above the 1 bar level, and for 1.41 RJ .26

Furthermore, detections of heavy particles from Juno’s Stellar Reference Unit were27

analyzed for their cutoff rigidities in multiple directions. Cutoff rigidities of 3.5-8.5 GV28

were found for the five detections furthest out making them possible GCR candidates.29

The majority of points, located below 1.6 RJ are not likely to be GCR. Assuming in-30

stead that they are trapped particles we have calculated upper and lower limits on their31

equatorial pitch angles, resulting in a range from 10.1◦ to 27.1◦, which can help constrain-32

ing Jupiter’s energetic radiation.33

Plain Language Summary34

Using data of Jupiter’s magnetic field, collected by the Juno satellite, we have cal-35

culated how galactic cosmic rays (energetic particles originating from supernovae) can36

enter into the atmososphere of Jupiter at different altitudes. This can aid our understand-37

ing of atmospheric phenomena on Jupiter and help in planning future missions to the38

planet.39

One of Juno’s instruments, the Stellar Reference Unit, has detected some peculiar40

signatures. Some of them probably are galactic cosmic rays that have hit the instrument.41

Most of them are probably not, but instead they could be particles trapped by the strong42

magnetic field of Jupiter. If so, they can help us understand the radiation belts of the43

planet. Using knowledge of the location of the detections as well as the magnetic field44

we calculate the so-called pitch angle of the detected particles. This angle is defined by45

the ratio between the motion of the particle perpendicular to the magnet field line and46

the motion parallel to the field line. The pitch angle is fundamental in constraining en-47

ergetic radiation emanating from Jupiter’s atmosphere.48

1 Introduction49

Galactic cosmic rays (GCRs), primarily consisting of protons, are ubiquitous through-50

out the solar system. The magnitude of the GCR flux is determined by the incoming amount51

and modulation by sources within the solar system itself. The incoming flux is primar-52

ily controlled by galactic sources such as supernova activity (Patrignani et al., 2016; Pi-53

azzoli et al., 2022) which varies on timescales of tens to hundreds of millions of years based54

on the movement of the solar system into and out of the spiral arms of the Milky Way55

(Shaviv, 2002) and on shorter timescales in case of nearby supernovae which happened,56

for instance, about 1.5 and 2.3 million years ago (Breitschwerdt et al., 2016). The flux57

is modulated by the solar wind, which operates with the characteristic 11-year solar cy-58

cle (Lockwood & Webber, 1996) but also with longer term variability on timescales of59

hundreds to thousands of years (Lundstedt et al., 2006). Within the solar system a GCR60

gradient of a few percent per AU has been detected using data from Voyager 1 and 2,61

Pioneer 10, and IMP 8 (Lockwood & Webber, 1984) and later using Cassini with ground62

based measurements (Roussos et al., 2020) as well as INTEGRAL and Rosetta (Honig63

et al., 2019).64
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Planets and other celestial bodies can be individually shielded against GCRs if they65

possess a magnetic field. The magnetic field of Earth is very well described by the In-66

ternational Geomagnetic Reference Field (Alken et al., 2021). It is therefore possible to67

calculate a map of cutoff rigidities for cosmic ray particles (Smart & Shea, 1994, 2005;68

Mertens et al., 2012), defined as the minimum rigidity (P in units of GV) required to69

penetrate the magnetic field and enter the atmosphere. P is defined as P = pc/|q| =70

rLB, where c is the speed of light, p the particle momentum, q the charge, rL the gy-71

roradius, and B the magnetic field strength. Particles with the same rigidity thus also72

have the same gyroradius. For energetic (GeV) protons the rigidity (in GV) is nearly equal73

to the energy (in GeV, e.g. a 10 GV rigidity proton has an energy of 9.1 GeV). The lower74

the numeric value of the energy is, the larger the discrepancy between the energy and75

rigidity becomes. Sufficiently energetic particles entering a planetary atmosphere can ini-76

tiate air showers, the formation of radioactive elements, and cause atmospheric ioniza-77

tion (Usoskin & Kovaltsov, 2006). On Earth ionization from GCRs have been linked to78

various atmospheric phenomena such as cloud formation (Svensmark et al., 2021) via the79

formation of stable molecular clusters (Enghoff et al., 2008; Lovejoy et al., 2004) able80

to serve as cloud condensation nuclei (Svensmark et al., 2013).81

The magnetic field of Jupiter is described in great detail by the JRM33 model (J. E. P. Con-82

nerney et al., 2022) using data from the still ongoing Juno mission (S. J. Bolton et al.,83

2017; J. E. P. Connerney et al., 2017) and has been measured previously by a variety of84

missions (J. E. P. Connerney et al., 1998; Hess et al., 2011; J. Connerney, 2015; Ridley85

& Holme, 2016). Jupiter exhibits interesting atmospheric phenomena at high latitudes86

(Romani et al., 2008) where the galactic cosmic ray flux is typically highest for planets87

with a strong magnetic dipole aligned with the axis of rotation (Usoskin & Kovaltsov,88

2006) and several high energy particle events have been detected by Juno’s Stellar Ref-89

erence Unit star camera at close range to Jupiter (Becker et al., 2021). Jupiter’s atmo-90

sphere has also been suggested as a detector of ultra-high-energy cosmic rays (Rimmer91

et al., 2014) although the feasibility is limited by geometric aperture size and detectable92

energies (Bray & Nelles, 2016). Cutoff rigidities for Jupiter have previously been esti-93

mated for large (> 10 RJ) distances (Selesnick, 2002) using a dipole approximation of94

the magnetic field. Jupiter’s ability to trap secondary GCRs via the Cosmic Ray Albedo95

Neutron Decay (CRAND) process also depends on which GCRs can gain access to the96

radiation belts of the planet (Roussos et al., 2021). Furthermore, trapped particles con-97

tribute to the synchrotron emission of Jupiter (S. Bolton et al., 2002; Santos-Costa &98

Bolton, 2008).99

Jupiter’s radiation belts consist of trapped energetic heavy ions up to sulfur which100

is the most abundant ion along with oxygen. These have previously been detected by101

the Galileo probe (Fischer et al., 1996) and to some degree Pioneer 11 (Pyle et al., 1983).102

Their origin is discussed by Roussos et al. (2022) while Becker et al. (2021) compares103

the observations with those from Juno.104

In this work we use a modified version of the Geomagnetic Cutoff Rigidity Com-105

puter Program by Smart and Shea (2001), a particle trajectory program made for Earth’s106

magnetic field, to calculate galactic cosmic ray vertical cutoff rigidity maps for Jupiter107

at altitudes relevant for GCR shower formation and further out. These maps are then108

folded with the solar minimum GCR spectrum measured by the BESS-Polar ii Antarc-109

tic mission (Abe et al., 2016) to calculate a map of total proton flux at Jupiter. Further-110

more, we investigate if high energy heavy particles detected by Juno (Becker et al., 2021)111

could be direct hits by GCRs by calculating detailed cutoff rigidity skyview maps at the112

locations of the detections. Finally, we estimate the equatorial pitch angles of the par-113

ticles least likely to be GCRs, assuming that they are instead trapped particles.114
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2 Methods115

2.1 Magnetic fields116

For describing Jupiter’s magnetic field we use the JRM33 model compiled from 32117

polar orbits of Juno’s prime mission going as close as ∼ 1.05 RJ at perijove (PJ). The118

orbits were 53 days long and reached 113 RJ at apojove. The mission was designed to119

make a closely spaced longitude grid, covering the planet. Since the end of the prime mis-120

sion in 2021 an extended mission has started, scheduled for an additional 42 orbits, with121

decreasing period. Further orbital information can be found in J. E. P. Connerney et al.122

(2022).123

Although the model describes the field with 30 degrees and orders of Legendre func-124

tions we only employ the first 12 since little additional detail is gained from adding higher125

orders (4 % standard deviation between a 1x1 degree grid a 1 RJ and order 11 and 12)126

and the program used to calculate cosmic ray trajectories is limited to 12 orders with-127

out further modification (see Sect. 2.2). We choose to ignore the influence of the mag-128

netodisk, although it has been shown to affect rigidities beyond 10 RJ (Selesnick, 2002).129

2.2 GCR cutoff rigidities130

The Geomagnetic Cutoff Rigidity Computer Program by Smart and Shea (2001)131

is used to calculate cutoff rigidities. The program uses the spherical harmonic approx-132

imations of the magnetic fields to calculate trajectories of GCRs entering the planetary133

atmosphere at different geographic locations. It is impractical to calculate approaching134

trajectories of the predominantly positively charged GCRs as the location where they135

hit the planetary atmosphere cannot be known in advance. Instead the program calcu-136

lates the trajectory of a negatively charged particle leaving the planetary atmosphere.137

A trajectory is allowed if it can escape the magnetic field (i.e. reach the magnetospause).138

The program was originally developed for Earth and we have thus modified it for139

use with Jupiter. On Earth the boundary for entering the atmosphere is traditionally140

set at 20 km above the reference ellipsoid (Smart et al., 2006; Vargas & Valdés-Galicia,141

2011) since this is where the atmosphere is dense enough for typical air showers of sec-142

ondary particles to begin. This height has been changed to that of a similar pressure in143

the atmosphere of Jupiter (67.5 km above the 1 bar pressure level of 71,492 km (J. E. P. Con-144

nerney et al., 2022)), using scale heights of 8 km for Earth and 27 km for Jupiter to cal-145

culate where the pressure at Jupiter is equal to that at 20 km on Earth. Furthermore146

the program requires the planetary radii both at the equator, at the poles, and the av-147

erage to determine the reference ellipsoid. For a full list of program parameters altered148

see Tab. A1 in the appendix. Lastly the magnetic field parameters mentioned in Sect.149

2.1 are read in to the program.150

In reality the GCR could have any angle of approach but to reduce the amount of151

computation needed we focus on vertical approaches, so unless otherwise mentioned the152

cutoff rigidities reported here are vertical cutoff rigidities. Cutoff rigidities are then scanned153

from a user-defined upper limit, at regular intervals (unless otherwise noted we used 0.9154

GV except for above/below 80N/80S where 0.05 GV was used). For each rigidity the tra-155

jectory is calculated. If the trajectory re-enters the atmosphere (i.e. it is unable to es-156

cape the magnetic field) it is deemed forbidden, but if it reaches a pre-determined dis-157

tance determined by the location of the planetary magnetospause (set to 80 RJ , although158

the exact location varies (Selesnick, 2002)) the trajectory is deemed allowed. Above a159

certain rigidity all trajectories will be allowed and below another rigidity all trajecto-160

ries will be forbidden. Between these limits there is a range of rigidities where there are161

both allowed and forbidden trajectories due to the complexity of the magnetic fields and162

their interaction with the gyroradii at specific rigidities. This range is called the penum-163

–4–



manuscript submitted to JGR: Planets

bra. The program determines, where possible, both the start and end of the penumbra164

at each location, and the cutoff rigidity is then the average between the two.165

2.3 GCR flux166

The galactic cosmic ray spectrum spans a very wide range of energies from a few167

MeV to hundreds of TeV (Patrignani et al., 2016; Piazzoli et al., 2022). Energies below168

10 GeV are modulated by solar activity, above this energy the spectrum follows a sim-169

ple power law:170

IN (E/nucl) ≈ 1.8× 104(E/1 GeV/nucl)−α nucleons (m2 s sr GeV)−1 , (1)171

where α is 2.7. About 79% of the nucleons are protons and most of the rest (≈ 70%) make172

up helium nuclei. This ratio is almost constant for the energies where Eq. 1 is valid, at173

lower energies the ratio changes depending on the units used (e.g. GeV/nucleon or GV)174

and on solar modulation (Abe et al., 2016; Patrignani et al., 2016).175

For this calculation we are focusing on protons and thus energy per nucleon equates176

total energy. The data we use for calculating the flux of GCRs into Jupiter’s atmosphere177

are BESS-Polar ii balloon measurements (Abe et al., 2016). These measurements were178

performed at Antarctica where the geomagnetic cutoff rigidity is minimal, allowing nearly179

all GCR to enter the atmosphere. The measurements were performed at solar minimum180

where the solar modulation of the GCR spectrum is at its minimum.181

To calculate the flux the BESS data were fitted with 4 different functions describ-182

ing the complete measured spectrum. The lowest energies, which are most affected by183

solar modulation, have been fitted with 4 and 5 order polynomials while the higher en-184

ergies can be fitted by power laws. The fit used for energies above 20.5 GeV can be ex-185

tended beyond BESS data as the power law dependency in this regions is well known186

(Patrignani et al., 2016), as shown in Eq. 1. Data and fits are shown in Fig. 1. To find187

the total flux for each location the cutoff rigidity (P, in GV) is first converted to kinetic188

energy (GeV) using (Caballero-Lopez & Moraal, 2004):189

E(GeV/nucleon) =
√
(E0)2 + (nz/na)2(P (GV ))2 − E0 , (2)190

where nz is the charge number, na the mass number, and E0 is the proton rest energy.191

Note that the equation gives the kinetic energy per nucleon, but since we are concerned192

with protons this is equal to the kinetic energy.193

This cutoff energy is then used as input to integrate the relevant parts of Fig. 1.194

The upper limit of the integral is set to 100 TeV, where the power law of Eq. 1 is still195

valid. Above these energies the flux is extremely low and does not contribute significantly196

to the total flux. The BESS measurements are performed at Earth, but there is a radial197

GCR gradient in the solar system. Lockwood and Webber (1984) measured it to be about198

3% per AU, but excluded regions below 6 AU. Roussos et al. (2020) extended this range199

down to 1 AU and found a gradient varying between 2 and 4%, depending on solar ac-200

tivity, while Honig et al. (2019) found a gradient of 2.96% per AU between 1 and 4.5 AU.201

Additionally there is a latitudinal gradient in the GCR flux (Giesler & Heber, 2016; Owens202

et al., 2020) which we are not concerned with, as Jupiter is very close to the ecliptic plane.203

We thus use 3% per AU as an average gradient, while noting that both Sun to Jupiter204

distance and the gradient itself varies in time. The average distance between Earth and205

Jupiter is 715 million km (4.78 AU) with a variation between 588 and 968 million km206

(3.9 and 6.5 AU). We have thus increased the proton flux by 14.3% (4.78 AU x 3 % per207

AU).208

2.4 Heavy ion detections209

Juno’s Stellar Reference Unit (SRU) star camera, part of the Radiation Monitor-210

ing Investigation (Becker et al., 2017), recorded 118 events during Juno’s first 21 PJs that211
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Figure 1: Proton flux spectrum as a function of kinetic energy, measured by BESS-Polar
ii at the Antarctic during solar minimum (black line) and fits to 4 segments of the data
(coloured lines).

were classified by Becker et al. (2021) as heavy (2 ≤ Z ≤ 8) ions of uncertain origin, with212

possible contributions from species as heavy as sulfur (Becker et al., 2021). Since then213

Juno has completed additional orbits and in this paper we present further suspected heavy214

ion detections for the following 21 PJs, thus covering PJ 1-42 (see Sect. 5 for data avail-215

ability). As in Becker et al. (2021) we focus our analysis on images containing signatures216

with > 3000 DN (analog-to-digital data number) per pixel. A table of parameters for217

these additional detections can be found in the Supporting material.218

The detections were made by analyzing image data collected by the CCDs of the219

SRU. The CCDs are strongly shielded but can be penetrated by energetic ions that leave220

a characteristic sharp and bright signature (Becker et al., 2017, 2021). Instrument char-221

acteristics of the SRU constrain upper and lower bounds for the energy and thus rigid-222

ity of the particles capable of producing the detected signal (for elements Z ≥ 6 signal223

assessment were limited to up to ∼10 GeV/nucleon) while the cutoff rigidity also sets224

a lower bound. Becker et al. (2021) states a cutoff rigidity of about 900 GV for the ob-225

servation with the lowermost L-shell. While elements up to sulfur were considered, only226

2 ≤ Z ≤ 8 can explain the full range of the detected signals and since the highest allowed227

assessed rigidity for singly charged oxygen is 174 GV, cosmic rays are very unlikely as228

a potential source. Even if the highest allowed rigidity is above 174 GV, very few heavy229

GCR exist above 900 GV (corresponding to ∼ 7200 GeV for fully charged oxygen) due230

to the powerlaw dependence on energy (as seen in Fig. 1).231
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3 Results and Discussion232

3.1 Cutoff rigidity and proton flux maps233

The cutoff rigidity for Jupiter at 67.5 km above the 1 bar (1 RJ) level is shown in234

Fig. 2 along with the corresponding allowed proton flux. The total magnetic field (at235

1 RJ) is plotted as contour lines on top. As for a dipole field the cutoff rigidity is high-236

est close to the equator but the shape of the cutoff rigidity has a meandering pattern which237

seems to be caused by the strong magnetic region at around 50N and 200E and also by238

the Great Blue Spot (located just below the Equator at ∼270 E) (Moore et al., 2018).239

On one side of the Great Blue Spot the rigidity is high while on the other it is low, like240

the GCRs are bent around the spot. In this sense the Great Blue Spot appears to func-241

tion like a dipole, guiding the GCRs in on one side while heavily shielding them on the242

other.243

The proton flux map shows a pattern similar to that of the cutoff rigidity, but re-244

versed. The shape of the cutoff rigidity map along with the GCR spectrum (as seen in245

Fig. 1) results in many orders of magnitudes difference in proton flux between the equa-246

torial region and the poles. The meandering pattern of the rigidity map and particularly247

the anomaly of the Great Blue Spot complicates this pattern as Fig. 2 (right) reveals248

an enhanced proton flux around the south eastern edge of the Great Blue Spot. Heav-249

ier elements will follow a similar pattern as the proton pattern. The map gives an idea250

of how much energy is deposited by GCRs, which can be useful both for interpreting at-251

mospheric phenomena and for future mission planning. The highest flux is found in the252

polar regions, as in dipolar fields. However, the meandering pattern of the cut-off rigid-253

ity also draws in an increased flux towards the Great Blue Spot and the magnetic max-254

imum at 45oN, 210o longitude.255

A similar calculation was made for the cutoff rigidity at 1000 km above the 1 bar256

level to illustrate the altitude dependence. The result is shown in Appendix B - the shape257

and magnitude of cutoff rigidity is very similar to what is shown in Fig. 2.258

To better understand the shape of the cutoff rigidity Fig. 3 shows the cutoff rigid-259

ity along with contours of 6 different components of the magnetic field and the magnetic260

equator. The shape of the cutoff rigidity follows the magnetic equator quite well and it261

appears that the curving around the Great Blue Spot is bending around a strong ver-262

tical (Z) field where there also are opposing maxima and minima in both the X and Y263

component of the magnetic field.264

Confirming these calculations is probably not possible with the Juno instrumen-265

tation. The dedicated particle detectors, JEDI (Mauk et al., 2017) and JADE (McComas266

et al., 2017) are designed for lower (MeV and keV, respectively) energies. While the SRU267

cameras can detect energetic ions, as described below, it is not designed for discriminat-268

ing the range of proton energies (> 1 GeV) considered here, as the stopping power of269

protons in silicon does not vary sufficiently. Similarly, the cameras for the MAG inves-270

tigation (J. E. P. Connerney et al., 2017) are able to detect high energy protons but they271

also cannot discriminate and their signals are dominated by electrons. Electrons will also272

be a challenge for upcoming missions such as Europa Clipper’s RadMon system (Meitzler273

et al., 2023) and JUICE’s RADEM (Pinto et al., 2020) which has a separate proton de-274

tector and ion heavy ion detector although for sub GeV energies while Pix.PAN - an in-275

strument proposed for future missions - expect to detect protons up to a few GeV (Hulsman276

et al., 2023). In order to fully test the calculations dedicated particle detectors capable277

of measuring different energy bands up to several orders of magnitude of GeV levels would278

be required. This is found on missions that have been used to measure the GCR flux,279

such as described by Honig et al. (2019); Roussos et al. (2020).280
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Figure 2: Top: The vertical cutoff rigidity map (in GV) of Jupiter at 1x1 degree spatial
resolution. The average relative value between the start and end of the penumbra is 1.18
and the median is 1.08. The total intensity of the magnetic field (in Gauss) is overplot-
ted as greyscale contour lines. The center of the Great Blue Spot is shown as a blue dot.
Both the magnetic field and rigidities are calculated using 12 orders and degrees of Legen-
dre functions. Bottom: The corresponding allowed GCR proton flux (in (m2 sr s)−1).
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Figure 3: The cutoff rigidity map at 1 RJ in 5x5 degrees spatial resolution, shown with
6 different components of the magnetic field in greyscale contour lines (total field, Z, Y,
X and horizontal in Gauss and inclination in degrees). The dark black line (upper left
figure) shows the magnetic equator, defined as the minimum in the magnetic inclination
(between 25S and 25N to exclude the minimum at 40N 105E).
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3.2 Heavy ion detections281

In the following section we investigate the detections of heavy ions described in Sect.282

2.4. Most of these are found close to the range of distances reported in Becker et al. (2021)283

(1.12-1.41 RJ) but a number of detections located much further out (from 1.95 to 15.5284

RJ) have also been made and these are more likely to be GCRs. Note that the location285

of the detections, primarily within the Amalthea Ring, corresponds to where the Galileo286

Probe also detected intense heavy ion flux (Becker et al., 2021).287

We have here calculated cutoff rigidities for the locations of the observations. A288

map of the cutoff rigidity at 1.41 RJ along with the locations of the observations of high289

energy particles and other details is shown in Fig. 4. The distance of 1.41 RJ is selected290

to be representative of most of the detections which are found to be at 1.11 RJ ≤ d ≤291

1.57 RJ . All the observations are located on the edge of the high-cutoff rigidity areas292

except those which are detected further out than 1.6 RJ . As pointed out in Becker et293

al. (2021) different angles of approach can have different and even lower cutoff rigidities.294

To investigate this we calculate skyview cutoff rigidity maps for the locations of the de-295

tections. A full range of azimuthal angles of approach and zenith angles down to 75o have296

been investigated. For a simple dipole field an east-west asymmetry is expected based297

on traditional Störmer theory (Smart & Shea, 1994) and for a planet like Jupiter where298

the magnetic north is to the planetary north a lower cutoff rigidity is found for parti-299

cles arriving from an eastward direction (Cooper & Simpson, 1980). However, Jupiter’s300

magnetic field is more complicated than the dipole so there should be deviations from301

the simpler solution.302

Figure 5 shows the cutoff rigidity as a function of zenith and azimuth angles at the303

location for one of the two detections made at 1.41 RJ and the detection found the fur-304

thest out, at 15.2 RJ . For the detection at 1.41 RJ northeastern directions are gener-305

ally favored while northwest and southeast are the most heavily shielded. This is a more306

complex shape than predicted by Störmer theory. A simpler pattern is seen for the de-307

tection at 15.2 RJ , where the magnetic field more closely resembles a dipole. The low-308

est calculated cutoff rigidity for the detection at 1.41 RJ is found to be 456.5 GV at 15o309

zenith and 115o azimuth. The penumbra goes even deeper, down to 410 GV at 5o zenith310

and 0o azimuth. The penumbra might allow other specific rigidities as well, which were311

not found due to the 1 GV resolution. For the vertical approach a cutoff rigidity of 521.5312

GV was found. As a test of whether 1.41 RJ is representative of the range of the obser-313

vations (1.11-1.57 RJ) minimum and vertical cutoff rigidities were found for the same314

coordinates but at ranges of 1.11 and 1.57 RJ with results of 710.5 (856.5) GV and 363.5315

(425.5 GV) for the minimum (vertical) cutoff rigidity. Both are within a factor of 2 of316

the 1.41 RJ value. Cutoff rigidities were also found for the other observation at 1.41 RJ317

(at 41.7S, 94.7E) with similar results, where the lowest calculated cutoff rigidity was 375.5318

GV and a penumbra going down to 332 GV. While the cutoff rigidities found here are319

lower than that estimated by Becker et al. (2021) they are still quite high and the flux320

of GCRs at those rigidities is low.321

Estimating the probability that the detections could be due to GCRs requires some322

assumptions. Using the detection depicted in Fig. 5A the minimum rigidity is 456.5 GV323

or 455.6 GeV. where the integrated proton flux (from eq. 1) is 0.32 nucleons (m2 s sr)−1.324

The area of detection of the SRU is of the order 1 cm2 and assuming minimum cutoff325

rigidity in all directions (best case scenario) we get about 0.0004 protons s−1. However,326

protons and all other elements up to carbon are ruled out (Becker et al., 2021) and the327

carbon flux is about 100 times lower than that of protons at equal energies (Patrignani328

et al., 2016). The effective time for detection can be constrained by looking at the to-329

tal time where Juno is both within the latitude band of the observations (23.8 to 45.3oS)330

and within the altitude band (1.11 to 1.57 RJ) which is 13 minutes. For all PJs this ef-331

fective time for detection varies between 9 and 14 minutes for the southern detections.332

For the northern detections the effective time of detection, based on the same altitude333
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Figure 4: The vertical cutoff rigidity map (in GV) at 1.41 RJ . Black dots mark locations
of the observations at d ≤1.6 RJ , those with red outline being the two observations di-
rectly at 1.41 RJ . Orange dots with black outline are detections at 1.6 RJ < d < 3.22 RJ ,
purple dots w. black outline observations at 6.09 and 6.14 RJ , grey dots are suspected
proton overlaps, and red dots are suspected GCR events (with d > 3.6 RJ). Dashed
greyscale lines show the contours of the magnetic field at 1 RJ . Fully drawn lines are the
magnetic field lines which intersect with the observations while the dotted lines show the
path of Juno during the orbit with the observation: Colors of orbits and field lines refer to
the distance with pink: r≤1.2 RJ , blue: r=1.2-1.6 RJ , purple: r≥1.6 RJ .
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band and latitudes from 40.2 to 53.9oN, is up to 6 minutes, with 0 minutes for PJs 34+.334

The northern detections are further limited by the shape of the field lines which termi-335

nate at lower latitudes around the magnetic anomalies (see Sect. 3.2.1), whereas the mag-336

netic field on the southern hemisphere is more even.337

So, although unlikely based on the above, a few detections could be due to GCRs338

by chance. However, the amount of detections and their consistent pattern makes an-339

other explanation more likely.340

On the other hand the detection at 15.2 RJ has a minimum rigidity of 5.5 GV at341

75o zenith and 90o azimuth, with a vertical cutoff rigidity of 8.5 GV. The minimum rigid-342

ity in the penumbra is 5.0 GV. This is in the region of high GCR flux, as seen in Fig.343

1. Four other detections at d=3.63, 13.8, 15.5, and 14.3 RJ have been suspected to be344

caused by GCRs and the lowest found cutoff rigidity for these are 3.5, 7.5, 6.5, and 7.5345

GV. These are in the range of allowed rigidities for all elements heavier than He for singly346

charged particles and for C and up for fully charged particles (see Supporting material347

of Becker et al. (2021)). The corresponding energy range for fully charged carbon is ∼348

13 − 30 GeV and the flux of carbon is 2-3 orders of magnitude below that of protons349

(Patrignani et al., 2016) (see Fig. 1). Two detections at 6.09 and 6.14 RJ have minimum350

cutoff rigidities of 37.5 and 38.5 GV, making them less likely to be GCRs (about 210-351

220 GeV for fully charged carbon). Four detections at distances between 1.69 and 3.22352

RJ have minimum cutoff rigidities of 53-142.5 GV making a GCR origin even less likely,353

but not impossible. Galileo also found heavy ions at larger distances, with a peak just354

beyond Io at M-shells 6-8 (Roussos et al., 2022) further reinforcing our hypothesis that355

these heavy ion detections made by the SRU are not GCRs and indicating that they could356

be of local origin.357

3.2.1 Pitch angles358

Pitch angles of particles in Jupiter’s radiation belts have been investigated since359

the detection of radio waves from Jupiter (Burke, BF and Franklin, KL, 1955) by e.g.360

Roberts (1976) who inferred pitch angles from radio observations and Moeckel et al. (2019)361

who used CASSINI data. The pitch angle is a useful parameter for modelling the syn-362

chrotron radiation around Jupiter (S. Bolton et al., 2001; Santos-Costa & Bolton, 2008;363

Levin et al., 2001; Nénon et al., 2017).364

If most of the detections recorded by the SRU cannot be explained by direct hits365

of GCR then they could be due to trapped particles, as suggested by Becker et al. (2021).366

For all detections at distances of 1.6 Rj and below, which are the least likely to be GCRs,367

Juno was in a narrow range of M-shells (1.5-2.39 for the observations shown in Fig. 4368

excluding the detection at 24S, 106E which appears to be out of family). Furthermore369

the detections were in quite narrow latitude bands as well (40.2N-53.9N and 23.8-45.3S)370

associated with the synchrotron emission region. Trapped particles would also explain371

the pattern of the black points in Fig. 4. In the region between the southern and north-372

ern areas of detection Juno is flying too low to interact with the drift shell, and any fur-373

ther north/south brings Juno too high. This can be gleaned by the orbits and field lines374

shown in Fig.4 where the orbits dip low between the points of detection and then go up-375

wards, while the field lines follow the opposite pattern. This can also explain the lack376

of detections in most of the northern hemisphere. Due to the altitude profile of the or-377

bits compared to the relevant field lines they only interact at low altitudes, possibly be-378

low the mirror points, except at the west- and eastmost longitudes where detections are379

also found.380

Assuming, as also concluded in Becker et al. (2021), that the particles are trapped381

in a stable drift shell, they are relevant for understanding Jupiter’s synchrotron emis-382

sions (S. Bolton et al., 2002; Santos-Costa & Bolton, 2008). While not energetic enough383

to contribute directly to the synchrotron emission, investigating the particles’ equato-384
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Table 1: Equatorial pitch angles

Method Angle (mean) Angle (std. deviation)

λm, mp = location of detection <26.0/21.8/27.1◦ 5.60/5.51/5.10
Beq/Bm, mp = location of detection <25.7/23.6/26.3◦ 3.44/4.63/2.85
λm, mp = north field line end >12.7/15.3/12.1◦ 4.57/4.47/4.37
λm, mp = south field line end >14.7/12.9/15.1◦ 5.65/5.13/5.68
Beq/Bm, mp = north field line end >11.1/15.6/10.1◦ 3.31/3.38/2.19
Beq/Bm, mp = south field line end >15.1/17.4/14.5◦ 2.70/4.19/1.79

Constraints on equatorial pitch angles.
Column 1: mp = mirror point, λm = last part of Eq. 3 and Beq/Bm = middle part.
Column 2: Average on all/northern/southern points (Nsamples=36/7/29).
Column 3: Std. deviation (all/northern/southern points).

rial pitch angles could help constrain the radiation models of Jupiter. Using the equa-385

tions valid in a dipole the equatorial pitch angle can be found as (Baumjohan & Treumann,386

2012, Chap. 3):387

sin2(αeq) =
Beq

Bm
=

cos6 λm

(1 + 3 sin2 λm)0.5
, (3)

where αeq is the equatorial pitch angle, Beq the equatorial field strength, Bm the388

field strength at the mirror point, and λm the magnetic latitude of the mirror point. For389

our use of the equation we take Beq to be the equatorial field strength of the field line390

that intersects with the location of the detections we investigate.391

If the particles are indeed trapped then the location of detection is the minimum392

latitude for the mirror point and inserting that into the last part of Eq. 3 gives the max-393

imum equatorial pitch angle as any particle with a higher pitch angle would bounce back394

before reaching that point. Using the middle and last part of the equation yields slightly395

different estimates, the results of which are shown in Tab. 1. Results using all points be-396

low 1.6 RJ (except the detection at 24S, 106E) are shown as well as results for looking397

at detections north and south of the equator separately.398

Using the location where the field lines that Juno intersects during the detections399

(as seen in Fig. 4) hit the atmosphere of Jupiter, we can estimate a minimum equato-400

rial pitch angle - if it was smaller than this value the particle would not bounce back be-401

fore entering the atmosphere. This gives four different values, using either the northern402

or southern termination of the field lines with either the middle or last part of Eq. 3.403

Using the lowest calculated value of the minimum angle and the highest value for the404

maximum angle we suggest a range of equatorial pitch angles between 10.1 and 27.1◦.405

Roussos et al. (2022) calculates Pitch Angle Distributions (PADs) based on the Galileo406

heavy ion detections. For 3 of their 4 energy bands (5-46 MeV/nucleon for oxygen and407

7-70 MeV/nucleon for sulfur) the calculated PADs peak around 90◦, however their most408

energetic band (>50/70 MeV/nucleon for oxygen and sulfur respectively, shows a min-409

imum around 90◦ near the Amalthean ring where the observations reported here are also410

found. Instead the PADs here peak at angles <30◦ (and >150◦) in good correspondence411

with the results presented in this work which are also found in this location and at high412

energies.413
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Figure 5: Skyview cutoff rigidity maps (in GV) at a: 1.41 RJ , 34.3
oS, 52.99oE and b:

15.2 RJ , 2.42
oS, 322.14oE (S3RH) for different angles of approach. Azimuthal angles fol-

low the circumference of the circle while zenith angles follow the radius. The resolution
is 1 GV for cutoff rigidity, 20-25 degrees for azimuth angles, 15 degrees for zenith angles,
ending at 75o since the calculation of the trajectories start to fail at higher angles. 5o was
added to provide more detail at lower zenith angles

.

4 Conclusion414

A map of vertical cutoff rigidities has been calculated for Galactic Cosmic Ray en-415

try into the atmosphere of Jupiter using the comprehensive JRM33 model of Jupiter’s416

magnetic field along with modified Geomagnetic Cutoff Rigidity Computer Program par-417

ticle trajectory code. The map was combined with measurements of the GCR proton flux418

at Earth (from BESS-Polar ii) to calculate a corresponding protron flux map at Jupiter.419

Additional cutoff rigidity maps were calculated for 1000 km above the 1 bar level, and420

at 1.41 RJ . These results could be useful for both design of future missions to Jupiter421

and to understand phenomena in the Jovian atmosphere.422

Additionally, detections of heavy particles from Juno’s SRU were analyzed for their423

cutoff rigidities in multiple directions. Cutoff rigidities of 3.5-8.5 GV were found for the424

five detections furthest out making them possible GCR candidates. The majority of points,425

located below 1.6 RJ are not likely to be GCR. Assuming instead that they are trapped426

particles we have calculated upper and lower limits on their equatorial pitch angles, re-427

sulting in a range from 10.1◦ to 27.1◦. These estimations can help constrain the mod-428

els of Jupiter’s radiation belts.429

5 Open Research430

SRU image data from PJs 22-35 supporting this study are provided in the Support-431

ing information and at Zenodo (Becker et al., 2023). SRU Image data from orbits 36-432

42 are available from the Daubar et al. (2023). All figures were produced using Matplotlib433

for Python (Hunter, 2007), except for Fig. 1 which was made in Microsoft Excel 2016.434

Juno trajectory data as used in Fig. 4 can be from the J. Connerney (2022) and data435

used for the magnetic field lines and detection locations are in the Supporting informa-436

tion and at Zenodo (Enghoff et al., 2024). The planetary magnetic fields used in the plots437

were calculated with the wrldmagm program (MathWorks, 2023) for MATLAB R2022a,438

modified with the relevant planetary radii and magnetic field data input from the JRM33439

model. The Geomagnetic Cutoff Rigidity Computer Program is written in full in Smart440

and Shea (2001) and our changes to the code are summarized in Tab. A1.441
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Table A1: Parameters changed in the Geomagnetic Cutoff Rigidity Computer Program

Name New value

RHT 67.5 km
ISALT 67.5 km
R100km 337.5 km
R120km 405 km
ERAD 69911.0km
ERPLSQ 4469457316.0a

EREQSQ 5111106064.0b

DISOUT 80
DISCK 79.999c

FSTEP 4.0e09
LIMIT 6000000

aWith the polar radius = 66854.0 km.
bWith the equatorial radius = 71492 km.
cOnly in the line IF (DISCK.GET:DISOUT)
THEN DISCK = 9.999.

Appendix A Changed model parameters442

Tab. A1 shows what parameters in Geomagnetic Cutoff Rigidity Computer Pro-443

gram were changed for the simulations in Sect. 3.1. For the simulations at 1000 km and444

for the heavy ion detections the altitude parameters were changed accordingly.445

Appendix B Map at 1000 km446

Here in Fig. B1 we show the vertical cutoff rigidity similar to Fig. 2 (left) with the447

altitude for entry set to 1000 km instead of 67.5.448
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