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Introduction. Trans-Neptunian objects (TNOs) orbit beyond Neptune (>30 au) and          
represent a diverse population of solar system worlds, both dynamically and compositionally            
[1,2]. Two dynamical classes of TNOs that are of particular interest to the study of space                
weathering environments inside and outside the solar heliosphere are the cold classical            
Kuiper Belt objects (CCKBOs) and the extreme TNOs (ETNOs). 

CCKBOs are the most homogeneous population in the trans-Neptunian region,          
being uniformly very red in color with moderate albedos [3]. CCKBOs are on low-inclination,              
circular orbits between 42 and 47 au, and exhibit a large fraction of binaries [4-8]. This class                 
of icy objects is typified by Arrokoth (2014 MU69), as revealed by New Horizons [9]. The                
compositions and dynamical properties of CCKBOs point to this population as an            
undisturbed primordial remnant of the original disk of objects that were scattered by the              
migration of the giant planets [10-13]. Thus, CCKBOs represent an ideal probe of the              
interior heliospheric environment. In contrast, ETNOs have higher eccentricities, semi-major          
axes >150 au, and perihelia >38 au [14]. All 39 known ETNOs spend a significant portion of                 
their orbits beyond the heliopause (~120 au, as measured by Voyager 1) [15] in the local                
interstellar medium. Due to their extreme distances, little is known about the surfaces of              
ETNOs, but their surfaces undoubtedly hold a record of the particle and radiation             
environment of interstellar space. Comparison of the surface properties of CCKBOs and            
ETNOs to each other and to ices irradiated in the laboratory can help to answer questions                
about the differences in space weathering inside and outside the heliosphere, as well as the               
origins of the ETNO population. Identification of exo-heliospheric weathering in other TNO            
populations could help constrain the past size of the heliosphere and/or a record of              
dynamical instability for these bodies. 
 

Table 1: Science traceability matrix. 
SCIENCE QUESTION SCIENCE OBJECTIVE MEASUREMENT 

What are the most easily observed 
signatures of space weathering on 

TNOs? 

Examine the effects of space 
weathering on ETNOs and 

CCKBOs. 

Obtain visible and NIR colors of 
ETNOs and CCKBOs. 

How are TNOs with different surface 
compositions altered by space 

weathering? 

Determine the surface 
compositions of ETNOs and 

CCKBOs. 

Obtain infrared spectra (1-5 μm) of 
ETNOs and CCKBOs. 

What are the effects of different 
types of space weathering on TNO 

surfaces? 

Understand the effects of 
various space weathering 

processes. 

Expose ices commonly found on 
TNOs to radiation and charged 
particles in a laboratory setting. 

What do TNOs that travel outside the 
heliosphere reveal about the external 

environment? 

Interpret the physical and 
chemical histories of ETNOs and 

CCKBOs. 

Combine laboratory 
measurements with color and 

composition information. 
What are the origins of the ETNO 

population? 
Inform dynamical models of 

ETNO origins. 
Compare colors and compositions 

across the ETNO population. 
Are there signatures of 

exo-heliospheric space weathering 
on other TNOs? 

Constrain the evolution of the 
size of the heliosphere. 

Repeat the first two 
measurements for other TNO 

populations. 
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Science Question Roadmap. Below we provide more details on the individual           
investigations listed in Table 1. The questions roughly flow forward from one to the other,               
though the first 3 are independent and can be investigated in parallel. Addressing these 3               
questions, which are currently in-progress, will provide the basis for later questions. In the              
near future, investigations of the colors and spectra of CCKBOs and ETNOs (questions 1 &               
2) will be bolstered by the discovery of an estimated 40,000+ additional TNOs through the               
Vera C. Rubin Observatory’s Legacy Survey of Space and Time (LSST) [16] and the deep,               
large field-of-view imaging provided by the Nancy Grace Roman Space Telescope [17]. 
 

1. What are the most easily observed signatures of space weathering on TNOs? The              
small sizes of most CCKBOs and the extreme distances of the ETNOs, combined with the               
low albedo of TNOs (<10%), make these objects challenging to observe. Thus, the most              
reliable diagnostic of TNO surface properties remains visible and near-infrared colors. Red            
colors are typically associated with more highly processed and space weathered surfaces            
that have not been covered by recent sublimation or collisionally driven activity [18-21]. The              
ETNO Sedna, the first member of this population discovered, is one of the reddest objects               
in the solar system [22], strongly implying the surface has been thoroughly processed (but it               
is unclear what type of processing has occurred, see question 3). Extension of colors into               
the near-UV would provide useful comparisons to the space weathering processes at work             
on the icy surfaces of giant planet satellites. 
 

2. How are TNOs with different surface compositions altered by space weathering?            
Near-infrared (1-5 μm) spectroscopy represents the best opportunity to study the surface            
compositions of icy bodies due to the prevalence of vibrational absorption bands for a broad               
range of ice species. However, as mentioned previously, the brightness of CCKBOs and             
ETNOs presents an observational challenge, especially for spectroscopy. Additionally,         
diagnostic absorption features of radiation-processed materials are primarily found at          
wavelengths >2.5 μm, a window blocked by Earth’s atmospheric absorption. Spectral           
observations with space-based facilities, including the James Webb Space Telescope          
(JWST) [23], as well as in situ observations during spacecraft flybys are likely to be key to                 
CCKBO and ETNO compositional studies. 
 

3. What are the effects of different types of space weathering on TNO surfaces? We               
assume that the surfaces of ETNOs exposed to the exo-heliospheric radiation environment            
[24,25] will be different, in detectable ways, from those of CCKBOs that remain within the               
heliosphere [26]. However, differences in surface composition could confuse the signatures           
of exo-heliospheric processing. Laboratory work and intense study of other solar system            
objects, such as the irregular inner moons of Jupiter (that are heavily weathered by              
radiation-belt particles) and near-Earth objects [27], are therefore key to teasing out the             
variations between endo- and exo-heliospheric space weathering. A major difference          
between CCKBOs and ETNOs is the effect of solar wind and solar flares. Solar wind               
particles have a shallower penetration depth than galactic cosmic rays (GCRs) and primarily             
interact with the first 100s of nanometers of the surface, leading to darkening and possibly               
reddening in the visible range. In the case of ETNOs, the exposure to GCRs leads to much                 
deeper penetration into the subsurface (down to several meters), with high doses and             
significant chemistry due to the long irradiation time that may impact the spectral range from               
1-5 µm. In this respect, experiments should be run under both low- (1-500 keV) and               
high-energy conditions (500 keV-1GeV). The experimental data should also be extrapolated           
to the astrophysical context that comprises an extensive library of ions and a long irradiation               
time of several Gyrs. The chemical radiolytic cross-sections should also be determined.            

2 

4081.pdfHeliophysics 2050 White Papers (2021)



Optical constants of irradiated samples should be determined in order to feed reflectance             
models. As mentioned above, the composition of the surface, controlled by the earlier             
thermal history of the object, will play a key role in the nature of the final radiolytic                 
by-products. Systematic investigations should be run with targets of varying compositions,           
ultimately providing a “Rosetta Stone” to aid in the interpretation of color and spectral data. 
 

4. What do TNOs that travel outside the heliosphere reveal about the external             
environment? With laboratory data in-hand, the search for signatures of endo- and            
exo-heliospheric processing in the color and spectral data of ETNOs and CCKBOs would             
commence. Matching the properties of processed materials generated in the lab to the             
surface characteristics of these objects will reveal the prevalent space weathering           
mechanisms in each population. We note the high likelihood that the location of the              
heliopause is not static and therefore interior TNO populations may have been exposed to              
the exo-heliospheric environment in the past; see question 6 for further discussion. 
 

5. What are the origins of the ETNO population? The origin of the ETNOs is currently                
debated, given that those with the largest perihelia >50 au only experience negligible             
gravitational interactions with the giant planets [28]. A few ideas have been put forward to               
explain ETNO origins, including an undetected Neptune-sized planet on an extreme orbit            
[29,30] or external stellar tides for those objects with perihelia greater than 50 au [31,32],               
and gravitational scattering with Neptune for the ETNOs with perihelia ~38 au [33]. Given              
that the origin of the ETNOs appears to depend on their current perihelia, the source               
populations of these bodies were possibly different. A search for heterogeneity among the             
ETNOs would help settle if multiple origins are necessary or if they are single-sourced and               
homogeneous, like the CCKBOs. At present, the colors of the other ETNOs 2013 RF98,              
2000 CR105, 2002 GB32, 2003 HB57, 2012 VP113, and 2004 VN112, have been shown to be                
more neutral, and therefore differ from the very red color of Sedna, hinting at multiple               
origins for the ETNOs [22,29,34,35]. 
 

6. Are there signatures of exo-heliospheric space weathering on other TNOs?           
Analysis of TNO weathering is complicated by the fact that the environment may change              
over time. Understanding weathering will not only allow us to learn about TNOs themselves              
but also about the history of solar activity and the Sun’s journey through the interstellar               
medium. If exo-heliospheric processing presents a distinct color and/or spectral signature, it            
could be searched for on TNOs in other dynamical classes. Identification of this signature              
on multiple TNOs with similar orbits may indicate that the heliosphere was once smaller in               
extent than it is today. The heliosphere is thought to “breathe” as a result of solar cycles                 
[36,37] and the Sun encounters different interstellar environments during its ~200 Myr orbit             
around the galaxy. Determination of the minimum heliocentric distance for TNOs with            
exo-heliospheric signatures would place constraints on a “low-water mark” for the size of             
the solar heliosphere. In this way, TNOs could prove to be a valuable tool for understanding                
the evolution of the solar heliosphere over the course of solar system history. 
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