
An in depth boundary region study of the zodiacal cloud in

the inner heliosphere

by

Alexandru Toma

A thesis submitted to the

Faculty of the Physics Department at the

University of Colorado in partial fulfillment

of the requirements for the degree of

Bachelor of Arts in Physics

Department of Physics

April 7 2023

Committee Members:

Dr. David Malaspina, Thesis Advisor, Department of Astrophysical 7 Planetary Sciences

Dr. Michael Ritzwoller, Honors Council Representative, Department of Physics

Dr. Steven Pollock, Outside Reader, Department of Physics



ii

Toma, Alexandru (BA., Physics)

An in depth boundary region study of the zodiacal cloud in the inner heliosphere

Thesis directed by Prof. Dr. David Malaspina, Thesis Advisor, Department of Astrophysical 7

Planetary Sciences

The shape of the zodiacal cloud and the process by which planets are formed comes from

direct interstellar dust interaction with a nearby star. This occurs at a close distance labeled the

inner heliosphere (radius ≤ 20 AU). The Parker Solar Probe mission has the ability to detect

interplanetary dust in-situ in the inner heliosphere region, using voltage pulses measured by the

FIELDS instrument. Voltage pulses are the byproduct of dust impacting the spacecraft represented

by a plasma cloud. These dust observations give us insight into near stellar dust dynamics and

characteristics. A model of the dust density near the sun has been created by PSP’s Wide Field

Imager (WISPER) team. Using white-light images of the region up to 7.5R⊙ and looking at changes

in the radial gradient of the brightness profile, they were able to characterize a dust depletion zone

(DDZ). They observe the DDZ extends to 19R⊙. Closer to the sun (3R⊙) they define a dust free

zone (DFZ) where there are no dust particles present. The model developed by WISPR is developed

through remote sensing and needs to be compared to in-situ measurements to verify the validity of

the model. This is one of the main goals of the WISPR instrument. In an effort to produce a Inner

Heliosphere Dust Model, we created an in-situ database of dust flux hitting the spacecraft using

FIELDS voltage peak detection data (TDSmax). In the current work, we extend that database over

all 13 encounters. Examining FIELDS burst data (high cadence time series antenna voltages), it is

found that dust impacts may occur faster than the TDSmax data can register them. This can lead

to an under-estimation of the dust flux. We constructed a database of dust impact observations

from all FIELDS burst data. This burst database was used to analyze the probability of observing

closely spaced impacts. Initial analysis shows that the probability distribution of these impacts is

not Poisson in nature, but does have a clear radial dependence. These results are directly applied
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as an empirical correction to the estimated dust flux. The corrected dust flux will be used to test

the WISPR team’s model. Additionally, we developed another method of correction involving the

waiting time between impacts. This allowed us to use in-situ data to verify the outer boundary

and structure of the DDZ, as well as allow us to make a more accurate prediction of the start of

the DFZ. Initial observations of DDZ modeling using in situ measurements confirm its existence in

the region. The start of the DDZ occurs at approximately 19R⊙.
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Chapter 1

Introduction

People have always been curious about the qualities and composition of materials. People are

naturally inclined to pick up a rock and study its shape, feel, the color so that they can categorize

it accordingly. As scientific technology has progressed, the ability to look at ever smaller objects

has become possible, and with that, we started looking at dust. The size of dust particles varies

at the level of the micron scale, but the underlying questions are still the same: “What is it made

of”? “What does it react with”? “How does it look”?

These specific characteristic questions are not new, nor are they questions that will disappear

anytime soon. Dust particles have been analyzed on earth at small scales, but scientists have been

curious as to how these studies extend into the greater unknown. Space is a region that was not

well understood and inaccessible until the early 20th century. Being that the earth was made up

of rocks, which in turn is made up of dust, scientists were eager to explore dust in space and see if

there were any new questions to answer, in addition to the basic characteristics.

With the rise of space exploration in the early twentieth century, we have come to ask the

same questions about the dust that is millions of miles away from us. These are simple questions,

but they allow for a more in-depth exploration of the concept of dust. This is important for future

engineers and scientists who wish to launch spacecraft into space, some of which might travel

directly through dust clouds. In this calculation, one must understand the risks associated with

such travel. For example, the Wind spacecraft suffered damage from what was more than likely

dust impacts on two separate occasions (Malaspina et al., 2014). Similarly, other spacecraft have
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also suffered similar damage, limiting the possibility of measurements taken during a mission’s

lifetime. Having a deeper understanding of dust and the interactions that occur within space, gives

a chance at mitigating damage (see London and Early (2018) for further information regarding

impact damage of spacecraft).

Additionally, there is a growing interest in exoplanet research. To understand the basics of

exoplanet formation an understanding of interactions between dust particles and stars must be

formed. Dust particles are important to study in the formation of planetary formation theory.

The sun is a powerhouse in fueling the imagination of many fundamental scientific questions

about space. From how its light reaches us to how its position in space affects all that is around it,

scientists have yet to scratch the surface of this behemoth box filled with questions. Additionally,

one might ask what would happen if you put dust near the sun. How would this question bring

about changes or similarities to the overall questions that have been asked since the beginning?

These questions might shed light on planet formation theory. To look at this concept, let us look

at the early twentieth century.

Henry Norris Russell originally proposed, through the Sun’s spectral lines ((Russell, 1929);

(Koschny et al., 2019)), that dust particles in space do not touch the sun, rather they reach a

point where the sublimate. The early twentieth century was a time of limited data collection, with

spectral light being the main possible way to accumulate a deeper understanding of the inner solar

region. With the advent of space exploration, we have had missions such as: STEREO, Voyagers

2, and Cassini that began to tap into the study of interplanetary dust, but they all suffered from

the same issue: none of them got close to the sun, until Parker Solar Probe.

Before Parker Solar Probe we must quickly acknowledge the Helios 1 and Helios 2 missions

that occurred before, and their role in Parker Solar Probe. Helios 1 and 2 were launched by NASA

in the ’70s with the scope of getting as close to the sun to understand solar processes. Helios 1 would

go on to achieve its closest perihelion of 0.3 AU and produce substantial results on micrometeorites

in the region. The following Helios 2 mission had the same objective as Helios 1 but was able to

get closer to the sun, with a perihelion of 0.29AU. Helios 2 further provided detail on cosmic dust
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and characteristics of the inner heliosphere. These values are far greater than Parker Solar Probe’s

closest perihelion of 0.05 AU, but both Helios 1 and 2 should be acknowledged as the blueprint for

creating Parker Solar Probe.

Parker Solar Probe is NASA’s third attempt to get as close as possible to the sun, given

the possible material constraints. With this state-of-the-art spacecraft, we hope to gain more

understanding of the solar wind and dust particles in that near solar region(Fox et al. 2014).

The spacecraft itself houses a range of different sensors and detectors. The main instruments

used for this experiment are FIELDS (Bale et al. 2016), which makes in-situ measurements of

electromagnetic fields, and WISPER, a wide field imager that is located on the side of the probe

(Fox et al. 2014).

One shortcoming of Parker Solar Probe is that it has no dedicated dust detector on it.

To combat this, FIELDS offers the possibility of studying dust through direct collisions with the

spacecraft. The byproduct of these collisions is plasma clouds that can be measured as a voltage

spike with unique characteristics. These voltage signals can be interpreted as dust impacts, making

dust analysis possible without a dedicated detector.

In the following study we will look at: what interstellar dust is, what the Parker Solar Probe

mission aims to achieve, a technical dive into the measuring of dust impacts aboard the spacecraft,

data error correction, and a comparison of the WISPR team model, which explores the inner

heliosphere boundary conditions of the zodiacal cloud.



Chapter 2

Interplanetary Dust

Space is commonly described as a vacuum. However, space is a near-perfect vacuum, con-

taining: cosmic rays, electromagnetic waves, plasma, and dust. Any object in space is directly

affected by these factors. This study examines the existence of dust and its characteristics in the

inner heliosphere region of our solar system through interactions with human-made objects (NASA

missions).

This chapter provides background on interplanetary dust and explains the different popula-

tions of dust particles examined in this study.

2.1 Interplanetary Dust

Interplanetary dust is directly produced from asteroids and comets. When larger bodies

approach the sun, they may shed particles by sublimation or collisions. The velocity and trajectory

of the shed dust particles are mainly dependent on the two acting forces : (i) gravitational force,

and (ii) radiation pressure (Koschny et al., 2019).

Particles that are larger than 100 µm, are dominated by the gravitational force and become

bound to the sun in an elliptical or near-perfect circular orbit (Koschny et al., 2019). This is

modeled by the gravitational force equation:

Fg = G
mdustMsun

r2
(2.1)

where G is the gravitational constant of 6.674× 10−11 m3/kg× s2, mdust and Msun are the masses
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Figure 2.1: Examples of dust particles, with original description attached. (Koschny et al., 2019)

of the dust particle and the sun, and r represents the distance between the two bodies. In this

study, these dust particles are labeled α-meteoroids.

Conversely, particles that are smaller than 100 µm are ejected on hyperbolic trajectories,

because of the radiation pressure, resulting from momentum transfer produced by solar photons.

particles like these are labeled in this study as β-meteoroids (Zook and Berg, 1975). β is a quantity

that describes the ratio of the radiation pressure over the gravitational force as:

β =
Fradiation

Fg
=

3L⊙Qpr

16πGMsuncρs
(2.2)

where ρ is the mass density of the dust particle (measured quantity), L⊙ is the Solar luminosity,

s is the radius of our dust particle in m, c is the speed of light, and Qpr represents the efficiency

factor for radiation pressure (see (Koschny et al., 2019) and references therein).

There are additional, smaller, forces such as (i) Poynting-Roberston drag, (ii) Yarkovsky

Effect, and (iii) Lorentz force. Poynting-Robertson drag is produced by the anisotropic radiation

flux upon a particle moving at relativistic speeds. Acting as a drag force, it limits the time

a dust particle spends in a bound orbit (Mann, 2009). The Yarkovsky effect is produced from

anisotropically re-radiated photons from a rotating particle, but it is negligible for small particles.

The Lorenz force applies to particles in a magnetic field. Similar to how point charges traveling

through a magnetic field feel the Lorentz force, particles that travel through a magnetic field (B),
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Figure 2.2: β values vs particle size. The ρ defines particle density. (Zook and Berg, 1975)

with a relative velocity (vrel) experience a force of:

FLorentz =
q

c
|vrel ×B| (2.3)

These forces change the motion of small dust particles, such that certain populations are

driven sunward. As dust particles approach close to the sun other processes occur leading to

particle destruction (Koschny et al., 2019).

2.2 Dust Free Zone Theory

In the early 20th century little was known about dust particles near the sun. Initial theories

suggested that solid meteorites fell into the sun, however further research on the topic has shown

that heavier particles composed of iron will disintegrate before reaching the sun. This process is

known as sublimation. While heavy particles sublimate, it was still shown that the sublimated gas
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eventually falls into the sun. A proposed region where no solid particles are present is called the

Dust Free Zone (DFZ) (Russell, 1929).

The limitations of early 20th-century technology only allowed astronomers to study the inner

heliosphere region using earth-based equipment. However, even later attempts such as (Mann 2004)

yielded inconclusive results concerning the existence of the DFZ.

With recent NASA missions(Parker Solar Probe), capable of reaching extreme regions in our

solar system, the possibility exists to explore near-sun space. This region is where interactions with

the sun shape the dynamics and characteristics of the zodiacal cloud. We can now test previous

theories using in-situ measurements.



Chapter 3

Parker Solar Probe

Parker Solar Probe (PSP) is an ongoing NASA mission that launched on August 12th, 2018,

with the primary focus of exploring the near-sun environment. The mission has 24 planned orbits

over a 7-year span. Gravitational assists from Venus help the spacecraft achieve a closer perihelion,

with the closest being around 9R⊙.

Figure 3.1: All of Parker Solar Probe’s planned orbits. Each color represents an orbital group
(similar radial distance encounter for each orbit in a said group). (Szalay et al., 2020)

The mission objectives of PSP are: (i) Understanding solar corona/solar wind heating and
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acceleration through energy flow, (ii) Exploring energetic particle mechanics, (iii) Construct the

structure and dynamics of source solar wind plasma and magnetic fields (Fox et al., 2016).

PSP has four main instruments that are used in achieving the aforementioned objectives. The

Solar Wind Electrons Alphas and Protons (SWEAP) is comprised of a Faraday Cup and Solar Probe

Analyzers (SPAN), which are focused on measuring the solar wind thermal plasma (ionized hydro-

gen, helium, and electrons) (Kasper et al., 2016). The Integrated Science Investigation (IS⊙IS) is

a pair of instruments that focus on measuring higher energy particles, specifically ions and their

composition (McComas et al., 2016). The Wide Field Imager for Parker Solar Probe (WISPR) and

FIELDS (which does not have a name acronym), are further discussed in this chapter.

This chapter describes the two main instruments used in this study: WISPR and FIELDS,

along with the initial modeling of the zodiacal cloud in the inner heliosphere from WISPR.

Figure 3.2: WISPR placement on PSP. (Vourlidas et al., 2016)
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3.1 Wide Field Imager for Parker Solar Probe(WISPR)

WISPR has two goals that contribute to PSP’s mission: (i) Produce data that can be com-

pared to in situ measurements, (ii) Study interplanetary dust and solar wind through imaging

of visible sunlight scattered by electrons in the solar wind (Vourlidas et al., 2016). This study

incorporates both goals.

Figure 3.3: WISPR image with the original description attached. (Stenborg et al., 2021)

WISPR contains two specific modules: an Instrument Data Processing Unit (IDPU) and an

instrument model (WIM). Both contain the necessary tools for WISPR to measure and produce

images of the inner heliosphere region. WISPR measures photons in the wavelength range of 475 to

740 nm. These photons are produced by Thomson scattered light from electron density fluctuations

in the solar wind and from dust particles (Vourlidas et al., 2016).

WISPR allowed the US Naval Research Laboratory group to begin the search for the proposed

Dust Free Zone (DFZ), and to furthermore explain the characteristics of dust depletion in this region
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(see Stenborg et al. (2021) and references therein).

Figure 3.4: WISPR dust density modeled. The red dashed, the vertical line represents the closest
distance WISPR was able to image. (Stenborg et al., 2021)

The WISPR group analyzed the change of the F-corona (Electromagnetic radiation produced

by sunlight bouncing off dust particles, and identified through Fraunhofer absorption lines) bright-

ness profile radially, using images from the instrument. Their initial observations were that around

19R⊙ the dust density begins to lessen. This reduction in dust density is the start of a Dust De-

pletion Zone (DDZ), which the WISPR team modeled in figure 3.4. The WISPR model shows that

the DDZ extends from 19R⊙ sunward, stopping at 3R⊙. This point marks the start of the DFZ

based on their model (Stenborg et al., 2021).

PSP has more than just one method of collecting data on dust. In addition to WISPR’s

remote sensing imaging techniques, FIELDS may be used to detect dust in situ (see §4).

3.2 FIELDS Instrument

FIELDS measures electric and magnetic fields from DC to 20 MHz using 5 voltage sensors,

2 fluxgate magnetometers, and a search coil magnetometer (SCM) (Bale et al., 2016). Their
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placement on the spacecraft is shown in figure 3.5. FIELDS produces a variety of data products.

The specific data products used for this study are described in §5.

Figure 3.5: FIELDS on PSP. The SCM, two fluxgate magnetometers, and a fifth voltage sensor
placed on the tail of the spacecraft. Voltage sensors 1-4 are placed on the body of the spacecraft.
(Bale et al., 2016)

FIELDS is effective in measuring dust impacts in situ, even without a dedicated dust detector.

This allows scientists to use multiple instruments on PSP to study the same physical process. In

this study, FIELDS in-situ dust data are used to build a model of the inner heliosphere’s dust

characteristics that can be compared with the WISPR DDZ model.



Chapter 4

Interplanetary Dust Impacts

PSP is not the only spacecraft to experience dust impacts in space. However, it is one of the

few spacecrafts that has been pelted by dust in inner heliosphere. While instruments dedicated

to the characterization of dust particles do exists, dust detection is also possible through the

byproducts of a particle-spacecraft impact (Zaslavsky et al., 2012). Previous missions that have

used this method of dust detection are: Voyager, Vega, Deep Space 1, Cassini, STEREO, MAVEN,

MMS, and Wind (see Gurnett et al. (1983);Laakso et al. (1989);Tsurutani et al. (2004);Kurth et al.

(2006);Meyer-Vernet et al. (2009);Andersson et al. (2015);Vaverka et al. (2018);Malaspina et al.

(2014)).

This chapter provides a history of dust impact measurements, and addresses the process for

PSP.

4.1 Dust Impacts on Previous Mission

Dust particles travel at hypervelocity speeds (v > 1 km/s) through space. Spacecraft travel

at these speeds as well. When a dust particle collides with a spacecraft, the byproduct is a transient

plasma cloud. This plasma cloud can be measured by voltage sensors on the spacecraft as a potential

difference between the sensor and spacecraft body (Malaspina et al., 2014).

Voyager 1’s detection of dust near Saturn was conducted using 2 voltage antennas, configured

as an electric dipole. Voyager 1 produced wideband waveforms over a 50 Hz to 14 kHz frequency

range (see 4.2). Sudden changes in the voltage reading indicate an event. The Voyager 1 team were
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Figure 4.1: Left: Geometry of WIND antennas. Right: Measured differential potential by the Ex-
Ey dipole on 25 December 2007. Measured data was taken during 17 ms TDS waveform capture.
(Malaspina et al., 2014)

not able to declare the source of these perturbations as dust impacts. This was later resolved with

data from Voyager 2. In addition to getting closer to Saturn than Voyager 1, Voyager 2 also collected

sound recordings. The sound recordings indicated that Voyager 2 was being pelted by particles in

space on its travel through Saturn’s rings. The Voyager 2 team was able to then confirm dust in

that region using this method (for more info see (Gurnett et al., 1983) and references therein).

The Solar Terrestrial Relations Observatory (STEREO) was another mission where the de-

tection of wave bursts occurred. Originally the STEREO team was not sure whether the changes

in the wave burst were caused by dust impacts, citing (Gurnett et al., 1983). The main cause of

concern here was that, while both Voyagers experienced dust impacts, STEREO conduced research

closer to the sun than both Voyagers. Their method of measurement was also to take the electrical

signal of dust impacts in a dipole configuration, but the geometrical configuration of the spacecraft

made the data harder to analyze compared to Voyager. The STEREO group’s modeling of dust in

a region closer to the sun than Voyager yielded results that indicated dust impacts (Meyer-Vernet
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Figure 4.2: Top: Wideband waveform representing particle impacts on Voyager 1. Small impact
rate of four impacts per second Bottom: Wideband waveform representing particle impacts on
Voyager 2. Impact rate of several hundred impacts per second. (Gurnett et al., 1983)

et al., 2009).

PSP’s FIELDS instrument can be used to explore interplanetary dust even closer to the sun

using this method. PSP’s four voltage antennas located on the main body of the spacecraft 3.5,

are able to measure the voltage potential due to dust impact plasma clouds(see §5).

This study uses FIELDS dust impact detection along with the remote sensing observations

by WISPR to test the theory of the inner heliosphere DFZ. Learning about dust in this region

allows for a deeper understanding of how stars interact with dust in other stellar environments and

further understanding of the dust destruction process.
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Figure 4.3: Potentials measured by STEREO, with original description attached. (Zaslavsky et al.,
2012)



Chapter 5

Data

PSP has the direct ability to measure dust through the resultant plasma cloud caused by

collisions. This data collection method proves useful in producing data, able to describe dust rates

in the inner heliosphere.

This chapter will discuss in detail the data products used for this study, in addition to the

methods of error correction applied to the acquired data.

5.1 FIELDS Data Products and Burst Measurement

FIELDS has 3 receivers of electric field data: (i) Digital Fields Board (DFB), (ii) Time

Domain Sampler(TDS), and (iii) Radio Frequency Spectrometer(RFS). Each receiver produces

many different data products (based on the frequency range covered), some of which can be used

to study dust in situ.

DFB processes signals from the voltage sensors and the SCM over frequencies from DC to 75

kHz (Bale et al., 2016). SCM signals were not used for this study. The DFB generates many DC-

coupled and AC-coupled signals that can be processed into data products (see Table 1 in Malaspina

et al. (2016)). The main DFB data product used for this study is burst. Burst data consists of 6

channels containing time series data sampled at 150000/2n samples/s, for n ∈ Z. Each channel of

the burst contains 219 samples. While DFB burst is continuously produced, the signal written to

FIELDS’ memory comes from the burst with the largest amplitude in 20-minute intervals. After

each orbit, a human selects portions of the stored data, which is then transmitted to earth. 0.01%
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of total sampled burst data makes it to earth (Malaspina et al., 2016). This study uses burst data

signals from DC-coupled single-ended signals (vdc), from AC-coupled single-ended signals (vac),

from DC-coupled differential signals (dvdc), and from AC-coupled differential signals (dvac) (see

§3).

TDS processes signals from the voltage sensors and the SCM over frequencies from 5 kHz

to 1 MHz (Bale et al., 2016). The single data from TDS used was the TDSmax. Over n seconds,

where n is either 7s or 60s, TDSmax outputs the peak value of the largest signal observed. A 7s

window frame is set for a radial distance less than 55R⊙(defined as an orbit encounter), while the

60s is set for a radial distance greater than 55R⊙. Additionally, TDSmax outputs the root mean

squared (RMS) value associated with the peak. This study uses only the V2 antenna voltage signal

sampled by TDSmax. This is because V2 is the only signal sampled continuously by TDSmax over

the mission duration.

RFS processes signals from the voltage sensors over frequencies from 100 kHz to 20 MHz(Bale

et al., 2016). Signals from RFS are primarily used for radio wave studies and therefore are not used

in this study.

5.2 Sources of Error

The main issue with a dust study using Parker Solar Probe is that the spacecraft does not

have a dedicated dust detector. Instead, we use the voltage antennas to measure a potential

difference across the antenna and body. Large spikes of asymmetric shape as shown in figure 5.1

are the indicators of a dust impact. Given that we measure dust using plasma clouds (see §4) it can

be hard to distinguish between a plasma wave and a dust impact. We label this as plasma wave

error. To resolve wave error, we require that a dust detection has a peak amplitude, as measured

by TDSmax, greater than 50mV , and the peak amplitude to RMS ratio given is greater than 100.

This condition selects spiky, impulsive signals (dust) and removes sine-like signals (waves).

Additionally, there are cases where the spacecraft records no data. We call this dead time.

To correct for dead time error, we remove samples with NaN values in the TDSmax data product.
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Figure 5.1: Example of voltage signals as a time-series waveform near dust impact. The orange is
representative of V34 and the blue of V12. (Malaspina et al., 2023)

This slightly changes the dust count rate near perihelion (see fig. 5.9). With both dead time and

plasma wave error corrected, there is one more error to consider.

The method TDSmax employs for measuring dust is incapable of measuring multiple impacts

in a given 7s time window. This means that if there are any other dust impacts in that window

of slightly lower amplitude, they will not be recorded. Therefore, there is a possibility of under-

counting the number of dust impacts during an orbit.

To correct this error, two methods of statistical error analysis were applied. First, a proba-

bilistic error correction based on radial distance, and second a waiting time error correction based

on the time between impacts.

5.3 Probabilistic Error Correction

The first method of approaching under-counting is to take DFB in situ dust data and compute

the probability of having N impacts in a given 3.5s interval for N ∈ {1, 2, 3, 4}, where each impact is

treated as an independent event. To continue with the analysis, a database of DFB in-situ impacts

was built.



20

5.3.1 Power Spectral Density Spectrograms

DFB burst data were used because they have higher time resolution than TDSmax.

Figure 5.2: Example of a time series burst produced from AC-coupled single-ended signals (vac)
during PSP’s 9th orbit. From top to bottom: The first two plots are the voltage signal time series,
while the bottom graph is the spectrogram detailing the DFB voltage differential data as Power
Spectral Density.

The easiest way to identify dust impacts in DFB burst data is to apply a windowed fast

Fourier transform (FFT) to produce a spectrogram. The spectrogram can then be plotted along

with the DFB voltage data to identify and tabulate dust impacts. Figures 5.2 and 5.3 are examples

of how dust impacts were counted.

Note that 5.2 has a longer duration when compared to 5.3. In every encounter, the burst

time duration ranged in values of 3.5 × 2n seconds for n ∈ {1, 2, 3, ..., 8}. The standardization of

the database was done by examining 3.5s windows for each burst. This is shown using the dotted
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Figure 5.3: Example of a time series burst produced from AC-coupled differential signals (dvac)
during PSP’s 9th orbit. From top to bottom: The first two plots are the voltage signal time series,
while the bottom graph is the spectrogram detailing the DFB voltage differential data as Power
Spectral Density.

vertical lines in figure 5.3.

To count a dust impact in both figures 5.2 and 5.3, there are 2 distinct characteristics that a

dust impact must have:(i) There is a spike in both voltage time series and spectrogram, that occur

simultaneously, (ii) The spectrogram spike is high amplitude (indicated by red or orange color)

over most of the frequency range.

This procedure was applied to all DFB burst data from orbits 1 through 10 and allowed us

to make the following statistical analysis.
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5.3.2 Construction of Probabilistic Error Correction

To understand what type of correction had to be applied, we first needed to see under what

conditions the dust impacts behaved like a Poisson random distribution.

Figure 5.4: The probability of N impacts vs N = k impacts for k ∈ {1, 2, 3, 4} between 10R⊙
to 20R⊙ as seen in 3.5s burst window. The curve shown in blue is the organized in-situ data as
computed by 5.1. The curve shown in orange is the Poisson probability equation from probability
theory as computed by 5.2.

The effect that radial distance has on the impact rate was studied. All dust impacts in the

database were organized into radial distance bins of 10R⊙, ranging from 10R⊙ to 60R⊙ and beyond.

Once the organization of data points was done, the total number of impacts in that distance bin

was calculated and the probabilities of the impacts were computed as:
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IP(N impacts) =
number of intervals with N impacts

total number of impacts in distance bin
(5.1)

Figure 5.5: The probability of N impacts vs N = k impacts for k ∈ {1, 2, 3, 4} between 50R⊙
to 60R⊙ as seen in 3.5s burst window. The curve shown in blue is the organized in-situ data as
computed by 5.1. The curve shown in orange is the Poisson probability equation from probability
theory as computed by 5.2.

Observations show that there is a radial dependence of the probability distribution. Figures

5.4 and 5.5 were chosen to show the closest and farthest distance bins to the sun. As we radially

approach the sun inwards, the probability of N > 1 impacts grows. Fig 5.4 has an approximate

probability of 26% for N = 2 impacts, while for figure 5.5 that probability lowers to 10%.

Additionally, figures 5.4 and 5.5 have the theoretical Poisson curve fitted from the following

equation:
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IP(X = x) =
µxe−µ

x!
(5.2)

where µ is the mean number of impacts that occur in the bin.

The theory curve is below the in situ probability distribution and did not fit for any value of

µ. Therefore, we conclude these distributions are not Poisson-like. Thus, an empirical correction

was applied.

The probability of more than one impact occurring within each TDSmax observation window

was determined by randomly drawing from a distribution defined by the measured probabilities of

finding a given value of N. A different probability distribution was applied to the TDSmax data

within each radial distance bin.

This method has a caveat. The analysis uses 3.5s window sizes. TDSmax operates on 7s and

greater window sizes. This method of error correction may not apply to time intervals greater than

3.5s. Therefore, it is important to see if another method would yield a different result.

5.4 Waiting Time Error Correction

The second method of under-count correction is to observe the time between impacts. The

waiting time error analysis is done directly from TDSmax’s data of Encounters 10 through 13. We

denote µwc as the impact rate of the dust. This is produced from the interpolation of the 8 hr

impact rate, acquired from TDSmax, to each dust impact’s time as defined.

The events are separated by 20 bins of width △µwc = 0.25 in units of impacts/min. The

minimum value for µwc is 0 impacts/min and the maximum is for µwc is 5 impacts/min. Each

bin allows for the calculation of the waiting time between impacts, which is then modeled by a

histogram. The histogram ranged from 0 s to 50 × 6.99 s (the shortest time window for TDSmax

data collection) (Malaspina et al., 2023).

Given that we assume the dust impacts are randomly distributed unlike our probability

analysis, we can formulate a distribution of the waiting time between impacts as the following
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Figure 5.6: Waiting time distribution of dust impacts from Orbits 1 through 13. The 8-hr impact
rate is between 0.75 impacts/min and 1.00 impacts/min. The thin red line is a best-fit curve that
comes from equation 5.3 with µcorr = 0.91. (Malaspina et al., 2023)

equation:

f(τ) = A(µcorrτ)e
−µcorrτ (5.3)

where A is a normalization constant, τ is the time between impacts, and µcorr is impact rate

corrected for under-counting (impacts/s) (Malaspina et al., 2023).

For each bin, the distribution is fit using equation 5.3 along with a nonlinear least squares

method, setting µcorr and A to be fit parameters. Initial guesses for the fit can be done by setting

µcorr using µwc values.

An example of this fitting is shown in figure 5.6, where we have taken the µwc = 0.75

impacts/min to µwc impacts/min bin. The red line indicates the best-fit curve, given µcorr = 0.91

impacts/min.

After analyzing each bin, figure 5.7 was produced to show the percentage of under-counting

we experience for eachN amount of impacts and to establish a method of correction. The blue linear

line represents no corrections made to the dust and serves as a reference point for the corrected
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Figure 5.7: Top: Under-counting corrected impact rates shown by the orange curve, as a function of
non-corrected impact rates. A blue linear line that represents no correction is shown for comparison.
Bottom: The difference between the uncorrected and under-counting corrected impact rates as a
function of non-corrected impact rates shown as a percentage. (Malaspina et al., 2023)

line. The orange line suggests that the correction is small for N = 1 and N = 2 impacts, and large

for N = 3 and N = 4.

Given this correction, we now will compare the two methods and discuss which method was

chosen for the rest of the study.

5.5 Comparison of Probabilistic and Waiting Time Corrections

Figures 5.8 and 5.9 both show the correction methods applied to in situ dust count rate.

Both methods exhibit the same qualities, with the under-counting being strongest near perihelion

and weakest as PSP leaves the sun. While both of the methods have shown to be effective in fixing

the under-count correction, the waiting time method is the method that is used for the remainder

of this analysis.
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Figure 5.8: Orbit 10 count rate vs the days before (negative) and after (positive) perihelion. The
cyan line is the under-count corrected rate from the probability method. The black line is the
original dust rate with plasma wave and dead time correction.

Firstly, the waiting time method uses window sizes of 7s or greater, while the probability

method uses 3.5s window sizes. As discussed above, the waiting time method is directly applicable to

the timescales of the TDSmax data. This is because the waiting time method uses 7s as its smallest

window size for the analysis. Trying to use the probability method for timescales larger than 3.5s

yielded a non-Poisson distribution. The waiting time method yielded a Poisson distribution. The

reason for this disagreement has not been resolved yet.
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Figure 5.9: Top: Dust impact rate for Encounter 10 modeled with the: non-corrected rate(Iraw,
solid black line), the rate including plasma wave and dead time corrections(Iwc, red dashed line),
and the rate with the under-count correction and previously mentioned corrections(Iucc, dotted
blue line. Bottom: Spectrogram for differential voltage power spectral density as a function of
time, detailing the activity of plasma waves during Encounter 10. (Malaspina et al., 2023)

Secondly, both TDSmax and DFB data have different frequency bandpasses. The TDSmax

uses a middle frequency while the DFB data is at a low frequency. Therefore, it is not clear that

DFB and TDSmax detect the same set of dust impacts.

Waiting time is overall more self-consistent and the method that was used for the rest of this

study.
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Model

This study involves a data-model comparison between a derived Inner Heliosphere Dust

Model and PSP’s in-situ measurements. To derive the Inner Heliosphere Dust Model, we start

with the U.S. Naval Research Laboratory WISPR group’s model of dust density relative to 19R⊙

(Stenborg et al., 2021). This model only considers dust particles large enough to scatter visible

light(α meteoroids). The WISPR model was used to construct models for both α and β meteorites.

These models were then scaled to 1 AU and combined to form the Inner Heliosphere Dust Model

(6.1). The details of this combination are described in the following sections.

Figure 6.1: Graphical representation of Inner Heliosphere Dust Model construction
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6.1 WISPR Dust Density Converted Into Count Rate

The WISPR model does not have the same units as in-situ dust, therefore to compare this

model to our in-situ data, we had to describe the WISPR data using the following equation:

Rc = ραAvα + ρβAvβ (6.1)

where ρα and ρβ are density functions for α and β respectively, A is the cross-sectional area of

impact detection on the spacecraft. vα and vβ are the velocity of α and β meteorites. The cross-

sectional area of the spacecraft(A) is assumed to be identical for α and β meteorites held constant

over the orbit, therefore we assume A = 2m2. Now the dust velocity and density need to be

determined.

Figure 6.2: Left: Velocity of dust relative to PSP at different radial distances for orbits 1 through
3 for both α(red) and β(purple) meteorites Right: Velocity of dust relative to PSP at different
radial distances for orbits 10 through 16 for both α(red) and β(purple) meteorites. There are two
additional plots regarding impact angles of dust, but they were not used in this study. (Szalay
et al., 2020)

A prior study defined α and β meteorite velocities in the inner heliosphere (Szalay et al.,

2020). Figure 6.2 shows velocities derived for several values of β. The β meteorite velocities have

a pre-perihelion and post-perihelion component, therefore equation 6.1 needs to be evaluated for
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pre-perihelion and post-perihelion separately. In addition, we convert all velocity values to m/hr.

The Inner Heliosphere Dust Model will be compared to in-situ data from encounters 10

through 13(closest approach to the Sun of 13.2R⊙). Therefore, we use velocity curves from 6.2

relevant to those encounters. There are three β values plotted. As such, β meteoroid models were

created for each in part.

The density functions are constructed from figure 3.4. The model was split into the following

piecewise functions as follows:

ρα =



0 r ≤ 3

0.906ln(r)− 0.8188 3 ≤ r ≤ 9

1 9 ≤ r ≤ 19(
19
r

)1.3
19 ≤ r

(6.2)

ρβ =



0 r ≤ 3

0.906ln(r)− 0.8188 3 ≤ r ≤ 9

1 9 ≤ r ≤ 19(
19
r

)2
19 ≤ r

(6.3)

The WISPR model is split into three regions. The innermost region is the proposed dust-free

zone. The next region is the proposed dust-depletion zone. Dust density is assumed to be flat in

the third region. The last section of each piecewise equation is constructed using knowledge of how

α and β meteoroid densities fall off with radial distance from the sun.

We assume that the shape of the β meteoroid piece-wise function is identical to that of the

α meteoroid piece-wise function in the range of 0 ≤ r ≤ 19 because β meteoroids are produced by

collisional breakup of α meteoroids in this region (see Szalay et al. (2020) and references therein).

The description of the dust density is still incomplete. Equations 6.2 and 6.3 are still di-

mensionless. We therefore scale the equations such that the α and β meteorite models match
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observations of α and β meteorite fluxes at 1AU (215R⊙). The final units are counts/m
3. We com-

pute the dust density of α and β meteorites using their respective fluxes and estimated velocities

to get (see Cooke et al. (1993),Grün et al. (1983) and references therein):

ρα(215R⊙) =
αflux

αvel
=

1x10−6

18x103

counts
m2s
m
s

= 5.5x10−11 counts

m3
(6.4)

ρβ(215R⊙) =
βflux
βvel

=
1x10−15

50x103

counts
m2s
m
s

= 2x10−9 counts

m3
(6.5)

We then construct the WISPR dust density at 215R⊙ using the following set of equations:

ραWISPR(r) = ρα(r = 19)

(
R0

r

)1.3

ρβWISPR(r) = ρβ(r = 19)

(
R0

r

)2

(6.6)

where R0 = 19R⊙ in both equations.

The assumption of identical model shape simplifies equation 6.6 with the condition that

ρα(r = 19) = ρβ(r = 19) = 1. Thus the equations become:

ραWISPR(r) =

(
19

r

)1.3

ρβWISPR(r) =

(
19

r

)2

(6.7)

Equation 6.7 at 1AU = 215R⊙ results in:

ραWISPR(r = 215R⊙) =

(
19

215

)1.3

= 4.27x10−2 ρβWISPR(r = 215R⊙) =

(
19

215

)2

= 7.81x10−3

(6.8)

Using the results from: 6.8, 6.4 and 6.5, the following ratios are constructed:

ρα(r = 215R⊙)

ραWISPR(r = 215R⊙)
=

ραWISPR(r = 19R⊙)

ραWISPR(r = 19R⊙)

ρβ(r = 215R⊙)

ρβWISPR(r = 215R⊙)
=

ρβ(r = 19R⊙)

ρβWISPR(r = 19R⊙)

(6.9)

Having solved for all terms except ρα(r = 19R⊙), the set of ratios may be rearranged as:

ρα(r = 19R⊙) =
ρα(r = 215R⊙)ραWISPR(r = 19R⊙)

ραWISPR(r = 215R⊙)
(6.10)
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ρβ(r = 19R⊙) =
ρβ(r = 215R⊙)ρβWISPR(r = 19R⊙)

ρβWISPR(r = 215R⊙)
(6.11)

Including numerical values for each variable, the resulting scale factors are:

ρα(r = 19R⊙) =
5.55× 10−11

4.27× 10−2
= 1.29x10−9 counts

m3
(6.12)

ρβ(r = 19R⊙) =
4.27x10−9

7.8x10−3
= 2.56x10−7 counts

m3
(6.13)

Therefore, equation 6.1 is re-calibrated with these dimensional scaling factors, and given our as-

sumption of A we can state that our rate of impact equation is:

Rc = (1.29x10−9ρα)2vα + (2.56x10−7ρβ)2vβ (6.14)

Equation 6.14 describes the full Inner Heliosphere Dust Model. We can now compare this

with the in situ data.

6.2 Data Model Comparison Between the Inner Heliosphere Dust Model

and In Situ Data

First, we examine how α and β separately influence the total dust rate from the Inner

Heliosphere Dust Model. Figures 6.3 shows the predicted α and β dust count rates for three

different β values: 0.5β, 0.7β, and 1.2β. We conclude that the α dust population has minimal

effect on the total dust count rate.

We now move on to directly comparing the Inner Heliosphere Dust Model with in situ mea-

surements. Because encounters 10 through 16 all have the same orbital geometry, we plot the

average in-situ dust rate from Encounters 10 through 13.

To test the validity of the WISPR team’s conclusion that a DDZ exists, we compared the

in-situ dust data with two iterations of the Inner Heliosphere Dust Model: one with a DDZ and

one without a DDZ.

Figure 6.4 shows the Inner Heliosphere Dust Model prediction with and without a DDZ, for

each β value. An initial observation can be made for the 1.2β case. The Inner Heliosphere Dust
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Model prediction is too high compared to in situ data, for both DDZ and non-DDZ cases. Figure

6.4 for 1.2β has peaks at a value larger than the in-situ data, such that we may directly state that

1.2β meteorites negligibly contribute to in-situ measurements.

We conclude that 0.5β and 0.7β are likely to be the dominant observable for in situ mea-

surements. Both 6.4 for 0.5β and 6.4 for 0.7β have the DDZ dust rate curve following the overall

trend of the in situ data. The peak for 0.7β is larger than the in situ data but exhibits the same

characteristics. The non-DDZ dust rate curve has a peak, which is a large spike. In addition, that

peak is closer to the sun, at around 9R⊙, rather than the in-situ 19R⊙ peak.

Since the in situ data closely follow the Inner Heliosphere Dust Model (with DDZ) curve, we

can state that at 19R⊙ we are beginning to see decreasing dust density. This confirms the existence

of the DDZ. However, there are limitations to the study that should be considered.

Figure 6.3: Radial distance vs dust rate for α(green line) and β(black line) for differing values of
β. from left to right 0.5β,0.7β,and 1.2β. Note that the x-axis is negative in order to illustrate an
inbound trajectory of PSP and keep consistency with figures 5.8 and 5.9 top. Assume that the
radial distance is the magnitude of the x-axis values.
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Figure 6.4: Radial distance vs dust rate for: in-situ data from DFB averaged over Encounters 10
through 13 (blue with dots),the Inner Heliosphere Dust Model with DDZ present (orange line), the
Inner Heliosphere Dust Model without DDZ (green line) for differing β values. from left to right
0.5β,0.7β,and 1.2β. The red dashed line represents r = 19R⊙, the point at which WISPR states
the DDZ begins. Note that the x-axis is negative in order to illustrate an inbound trajectory of
PSP and keep consistency with figures 5.8 and 5.9 top. Assume that the radial distance is the
magnitude of the x-axis values.



Chapter 7

Discussion

A direct comparison between the in-situ measured dust impact rate and Inner Heliosphere

Dust Model (see 6.4) has shown that the proposed DDZ theory agrees with the WISPR team’s

initial modeling (Stenborg et al., 2021). Comparing the models assuming no DDZ, the increased

amplitude and sunward shift of the Inner Heliosphere Dust Model count rate shows that there must

be a loss of the dust density in the region of 19R⊙ to 1R⊙.

Initial modeling by the WISPR team determined the DFZ boundary began near 3R⊙, but

PSP has no planned encounter that close to the sun. Encounter 24, the last one planned, will have

a perihelion of 9.86R⊙. Therefore, it is hard to confirm using in situ data if the model accurately

models the inner boundary of the DDZ and subsequently the outer boundary of the DFZ. As PSP

progresses towards its final encounters, we can look for characteristics that indicate the transition

between the DDZ and DFZ, but future missions may be necessary to get closer to the sun.

The zodiacal cloud in the inner heliosphere can now be defined as an inhomogeneous body,

with decreasing dust density from 19R⊙ to 1R⊙. Given an initial outer boundary set for dust

density depletion, there is an argument to be made of the zodiacal cloud being differently shaped

in the center of our solar system than what previous models predicted. It could be that we are

seeing a range of dust particles of different compositions in certain regions of the inner heliosphere

that gives it the non-rigid boundary structure that we see with the data. This is further echoed in

the process by which we determined β meteorites in that region.

The Inner Heliosphere Dust Model comes with a set of assumptions. Firstly, the dust density
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vs radial distance model that the WISPR team has produced is in arbitrary units. In the dust rate

calculation of the intermediary α and β models, we approximated the best possible value of the

density of both α and β meteoroids at 1AU (see Cooke et al. (1993) and Grün et al. (1983)). In

addition, we also assumed that the density shape for both α and β meteorites follows the shape of

figure 3.4, where the density falls off 1/r1.03 for α and 1/r2 for β. This is an ideal assumption and

it yields results close to what we expect, but the zodiacal cloud is not an ideal system. Further

exploration of accurate β meteorite dust density in that region must be conducted.

In addition to the model, we saw that the choice of β affects the result directly. We used

the three values of β present in figure 6.2. The results of the α and β meteorite densities when

computed with each of the β velocities, suggest that our value for β = 0.5 is the most likely type

of β meteorites in the inner heliosphere region. This was a result of averaging the dust rate of each

orbit. This is not the case for each orbit modeled individually.

Figure 7.1: Radial distance vs dust rate for: in-situ data from DFB for Encounters 10 and 11 (blue
with dots),the Inner Heliosphere Dust Model with DDZ present (orange line), the Inner Heliosphere
Dust Model without DDZ (green line) for 0.5β. The red dashed line represents r = 19R⊙, the point
at which WISPR states the DDZ begins. Note that the x-axis is negative in order to illustrate an
inbound trajectory of PSP and keep consistency with figures 5.8 and 5.9 top. Assume that the
radial distance is the magnitude of the x-axis values.
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On an encounter-by-encounter basis, the data suggests that 0.5β works for regions farther

away than 40R⊙ while 0.7β works for the section sunward beginning at 40R⊙. Given that we could

scale 0.7β’s dust rate to a fraction of the currently shown in the figures, a near identical curve

would be present in the inner solar region of 40R⊙ to 1R⊙. Additionally, it is seen that the peak

for the Inner Heliosphere Dust Model is positioned slightly closer to the sun compared to the in-situ

dust rates. This is likely because of α’s minimal effect on the overall shape of the Inner Heliosphere

Dust Model curve (as shown in figure 6.3). The boundary conditions of α and β must be calibrated

separately to see what effects they have on the overall shape of the Inner Heliosphere Dust Model.

In-situ dust rate measurements in Encounter 13 do not exhibit any of the same characteristics

that the other encounters in the group do. Encounter 11 also exhibits erratic characteristics that do

not follow Encounters 10 and 12, yet the shape of the data is not so drastic as to cause alarm. This

led to a model comparison with the average dust rate over the four encounters vs the DDZ-derived

Figure 7.2: Radial distance vs dust rate for: in-situ data from DFB for Encounters 12 and 13 (blue
with dots),the Inner Heliosphere Dust Model with DDZ present (orange line), the Inner Heliosphere
Dust Model without DDZ (green line) for 0.5β. The red dashed line represents r = 19R⊙, the point
at which WISPR states the DDZ begins. Note that the x-axis is negative in order to illustrate an
inbound trajectory of PSP and keep consistency with figures 5.8 and 5.9 top. Assume that the
radial distance is the magnitude of the x-axis values.
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WISPR data, which proved more promising but overall produced a fair amount of uncertainty in

our analysis. Further research into Encounter 13 should be conducted, to see if there was any

external event or factor that affected data collection.

The shown figures further explain the non-homogeneity of the zodiacal cloud in the inner

heliosphere and propose that there are external factors affecting the overall makeup of that region.

There are two main arguments can possibly further explain. The first is that there are external

objects that pass through the inner heliosphere fragmenting pieces of themselves into the region.

The second is that given the elemental composition of the dust particles, certain particles remain

in that area with their own set of characteristics, as compared to other particles of a different

makeup, which might not resist the environmental conditions of the near sun region. The former

might directly affect the latter, but a more in-depth study of the region with a dedicated detector

analyzing compositional makeup is needed.

Figure 7.3: Radial distance vs dust rate for: in-situ data from DFB for Encounters 10 and 11 (blue
with dots),the Inner Heliosphere Dust Model with DDZ present (orange line), the Inner Heliosphere
Dust Model without DDZ (green line) for 0.7β. The red dashed line represents r = 19R⊙, the point
at which WISPR states the DDZ begins. Note that the x-axis is negative in order to illustrate an
inbound trajectory of PSP and keep consistency with figures 5.8 and 5.9 top. Assume that the
radial distance is the magnitude of the x-axis values.
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Figure 7.4: Radial distance vs dust rate for: in-situ data from DFB for Encounters 12 and 13 (blue
with dots),the Inner Heliosphere Dust Model with DDZ present (orange line), the Inner Heliosphere
Dust Model without DDZ (green line) for 0.7β. The red dashed line represents r = 19R⊙, the point
at which WISPR states the DDZ begins. Note that the x-axis is negative in order to illustrate an
inbound trajectory of PSP and keep consistency with figures 5.8 and 5.9 top. Assume that the
radial distance is the magnitude of the x-axis values.



Chapter 8

Conclusions and Future Work

At the time of writing this paper, PSP has reached its 14th orbital encounter of the sun.

The in-situ data analysis and model comparison of count rates that were conducted confirmed the

presence of the DDZ. This DDZ is defined with an outer boundary beginning at 19R⊙. Although

the current Inner Heliosphere Dust Model has directly confirmed the DDZ’s existence, more changes

can be added to the model to further explore the inner heliosphere region.

Currently, PSP is still within the current orbital group of 10 through 16 that we have used in

the analysis. Given that the data shown does not clearly establish the inner boundary of the DDZ

and the outer boundary of the DFZ, it is recommended that identical methods applied to the first

thirteen orbits should continue to be applied to subsequent orbits. Focusing directly on defining

boundary region parameters for both DDZ and DFZ will further explain the inner heliosphere

region of the zodiacal cloud.

The code set in place that produces the Inner Heliosphere Dust Model from the WISPR data

is allowed to be reconfigured for further testing. An extensive model comparison of in-situ data and

the Inner Heliosphere Dust Model, using a multitude of configurations must be held to produce

a complete formulation of the DDZ boundary. Furthermore, it should be noted that given the

assumptions made in the construction of β WISPR data representation, the WISPR shape might

need to be reformed (Stenborg et al., 2021). This should be done if sufficient information regarding

β formation and characteristics in the near heliosphere region is found.

As the first of its kind, PSP has managed to give insight into inner heliosphere dust charac-
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teristics and interactions. Until now, the zodiacal cloud has only been analytically and numerically

approximated to produce its shape. The initial steps of this discovery begin to explore in further

detail not only the shape but the non-homogeneity of interstellar dust density in the zodiacal cloud,

a region that was unavailable for scientists to explore in detail until now.

Additionally, new questions about interstellar dust interaction arise from this study. A

strange event was noticed during the formation of the DFB dust impact database. In this event,

dust impacts occur incredibly close to each other on the order of milliseconds. This event was

present throughout all of the encounters used. This is not only a strange occurrence to see in the

data but is also physically interesting. Particle detection in this close of a time span means that the

particles are relatively close to each other. Exploration of questions such as these allows scientists

to further explore and understand the interaction between a star and the dust near it. Initial obser-

vations may be used to understand larger topics such as dust destruction, and planetary formation

as a result of dust particles leaving this region.

One possibility for this event is that we are witnessing soft breakup events of dust particles,

where they fragment off and don’t have enough time to move far enough away from each other. This

is due to extreme weather exposure of interstellar dust in the inner heliosphere region. Thus, when

PSP flies through that region in space, we encounter two very close dust impacts. This does not

explain the second observation made. That is events occur, on average, more during the inbound

trajectory portion of the orbit than on the outbound trajectory. This is strange and could be

due to the non-uniformity of the zodiacal cloud. This effect could also occur given the trajectory

of movement dust particles experience relative to the spacecraft. This specific region might see

particles of dust hitting against the spacecraft, while after perihelion the spacecraft travels along

the direction of the dust, thereby seeing less impact occur.

Another proposition is that the compositional elements of the dust are not originally of that

region. Instead, we may observe dust that has ejected off an unknown body through sputtering.

Those fragments become our β meteorites and pelt PSP. This furthers the question of dust com-

position of interstellar dust present in the inner heliosphere region. PSP is not enough to further
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explore the second proposal, since there is no dedicated dust detector on the spacecraft, nor is there

a second spacecraft that can be used to map out dust impact trajectories. It would therefore fall

on a future mission to not only go into that region again but also to include a dust detector that

allows researchers to look directly at the compositional makeup of those dust particles.

As PSP continues to acquire more data, we must continue to tabulate each dust impact into

the standardized database. This will allow scientists to further explain unanswered questions using

an established method, further alleviating any case of discrepancy in the measuring and processing

method. However, PSP has completed over half of its planned orbits. This means that most of the

mission objectives have been fully explained or are still being answered. In addition, scientists and

engineers alike will gain a better understanding of how to conduct future missions in this region of

space.

The DFZ’s existence will now be sought out through a complete modeling of the DDZ. The

more we know about the inner region of our solar system, as well as the sun itself, the more scientists

will be able to gain a deeper understanding of the formation of our solar system, and engineers will

gain insight into the risks of sending a spacecraft this close to the sun. PSP has and will continue

to allow researchers to establish a clear theory of how solar systems are formed, how stars interact

with their local medium, and the dynamics of interplanetary dust.
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