
News and Reminders

Homework 6 - due now 

End of semester proposal due dates: 
-     Proposal due: today 
-     Proposal review: Wednesday, Dec. 4 
-     Proposal review write-ups: Monday, Dec. 9 

Bonus topics: magnetic fields and, time-permitting, life. 

Please complete the course evaluations



Answers to Some of Your Questions
Question: at what mass does a body go from rubble-pile to differentiated? 

Rubble pile asteroids are formed when an onion  
shell asteroid is shattered through a collision.  
If its size is in the 100’s meters to kilometers  
range, it will re-accrete as a rubble pile asteroid. 

Question: what is the timescale for the gas accretion part of giant planet 
formation? 
0.2 - 1 Myr (depends on the orbital distance, surface density and core mass; also 
model-dependent) 

Question: what mass is the initial planet formed by disk instability? 
Minimum initial mass 0.2 - 2 MJup 

Isolation Mass
Of the order of the Hill radius 

Protoplanet accretes all planetesimals in its feeding zone
(even is collisions happen, the amount of gravitational binding 
energy is such that the fragments reaccumulate)



Minor Bodies
• Main belt: asteroids either depleted (i.e. 99.9% of original belt is 

gone) or implanted (by giant planet migration and resonances, and 
encounters/scattering) 

• asteroids remaining today are too small and spread out to 
coalesce into an embryo 

• evidence for implantation: Ceres likely comes from Jupiter-Saturn 
region and Vesta from terrestrial region 

 

• Other solids were scattered to what is now the Oort cloud (or ejected) 
by interactions with the giant planets (especially Jupiter) 

• however, it is also possible that much of the Oort cloud (up to 
~1/3) could have been captured from free-floating debris or other 
nearby stellar disks)

• The Kuiper Belt “hot” 
population and 
Scattered Disk objects 
were scattered by 
Neptune; the Kuiper Belt 
“cold” population” likely 
formed where it is today



Planetary Surfaces

The surfaces of the Solar System terrestrial planets likely assumed their 
current form after the planets formed and cooled.  

Crater counting can be used to date planetary surfaces: 
• many craters indicate an older surface 
• few or no craters indicate a younger surface 

Late Heavy Bombardment hypothesis: 

Impact melts in lunar crater rocks indicate an increased impact flux are 
dated to 3.8 - 4.1 Gyr ago, suggesting a period of heavy cratering 
occurred a few 100 Myr after the formation of the Solar System.  
But the lunar melt and lunar meteorite evidence has recently been found 
to be shaky, potentially eliminating the need for a LHB.



Moons
Giant Planets satellites:  

• regular satellites have low-e prograde orbits in the equatorial plane of 
the planet — likely formed in a disk around the planet (made from outer 
portions of planet’s envelope and/or material captured from the 
protoplanetary disk) 

• irregular satellites are relatively small and have high-e, high inclination 
orbits outside those of the regular satellites - captured from heliocentric 
orbits 

• Jupiter’s moons decrease in density with increasing distance from 
Jupiter, while no such pattern is seen in Saturn’s and the ice giants’ 
moons; this is likely because Jupiter was much hotter when it formed, 
giving rise to its own temperature gradient within its circumplanetary disk 

Earth’s Moon: 
• giant impact when Solar System was 200 Myr old 

Mars’ moons:  
• Phobos and Deimos may have formed in a disk of planetesimals 

captured by Mars 
• alternatively, they could have been captured



Solar System Magnetic Fields
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Magnetic fields of the outer planets



Detecting and Measuring Magnetic Fields

Solar System: 

• Magnetometers on spacecraft (usually more sensitive and 
sophisticated than a compass) 

• Radio emission 
• low-frequency emission (including aurorae, lightning and 

cyclotron maser emission) 
• synchrotron emission (higher-frequency)



Detecting Magnetic Fields on Exoplanets
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about the dynamos of terrestrial planets in particular might be the best motivation for an ambitious 
observational campaign in the coming decades. 

 

 

ASSESSING EXOPLANET MAGNETIC FIELDS 
Methods for detecting and assessing exoplanet magnetic fields broadly fall into two categories: direct 

measurements and indirect inferences of magnetic properties. Table 2 summarizes these methods. In 
principle, most may apply to terrestrial planets except where noted. In practice, these methods largely favor 
gas giants for current and/or next generation instruments. The following two subsections give brief 
overviews on the relevant theory, advantages, limitations, and notable observational efforts. This discussion 
is by no means a complete review but aimed toward giving the interested reader a general sense of the 
current measurement landscape and a starting point for a deeper dive into the literature. 
 

Table 2. Summary of exoplanet magnetic field measurement methods. 

Method Planet type Information 

Direct 
Exoplanet aurorae all local strength 

He 1083 nm spectropolarimetry transiting hot Jupiter l.o.s. averaged strength 

Radiation belt emission all dipole magnetic component 

Indirect 
Star-planet interactions close-in magnetopause size 

Ohmic dissipation transiting hot Jupiter  

Magnetospheric bow shocks transiting magnetopause size 

Atmospheric outflow transit spectroscopy transiting close-in strongly or weakly magnetized 

 

 

Direct Measurements 
Exoplanet Aurorae.   The discovery of Jupiter’s radio aurorae 1  by Burke & Franklin (1955) 

precipitated a decades-long search for exoplanet radio aurorae that continues today (Turner et al., 2021, 
2023, and references therein). Solar System planets demonstrate several mechanisms for producing aurorae: 
Most familiar are aurorae on Earth, Jupiter, and Saturn driven by incident plasma flow from the solar wind. 
An analogous mechanism also occurs on the Galilean moons, where Jupiter’s circumplanetary plasma torus 
supplies the incident plasma (de Kleer et al., 2023). Additionally, magnetospheric plasma departing from 
rigid co-rotation couples Jupiter’s outer magnetosphere with its ionosphere to produce its main aurorae 
(Cowley & Bunce, 2001; Nichols & Cowley, 2003). Finally, close-in satellites like Io, Europa, Ganymede, 
Enceladus and perhaps Callisto can excite aurorae on their hosts (Clarke et al., 2002, 2011). 

	
1 The term “aurorae” typically refers to atomic and molecular emissions in a planet’s upper atmosphere in response to energy 
deposition from current systems driven by the described mechanisms. Here, “radio aurorae” refer to radio emissions from 
electrons in these auroral current systems. 

	

Brain et al. (2024)



Aurorae in the Solar System



Detecting Magnetic Fields on Exoplanets

Aurorae:  

• no detections on exoplanets so far 
• hot Jupiters may suffer from dense, plasma-filled 

magnetospheres that inhibit electron cyclotron maser 
emission 

• however, detections have been made on brown dwarfs and low-
mass M dwarfs



Detecting Magnetic Fields on Exoplanets

Zarka (2007)
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Figure 6: Radio spectra of auroral emissions from Solar System planets compared to other astrophysical radio sources 
and instruments. Aurorae are broadband and increase in frequency as magnetic field strengths increase near the 
emitting planet. Sharp cut-offs occur at the high frequency end of their spectra that correspond with emitting regions 
nearest the upper atmosphere of the planet. Credit: Zarka (2007). 

 

A conclusive detection of radio aurorae from a free-floating exoplanet or planet-mass brown dwarf 
(e.g., Kao et al., 2016, 2018) requires demonstrating electron cyclotron maser emissions originating from 
the system that are periodic on the rotational timescale of the planet3 or the orbital timescale of a suitable 
satellite (for the latter, see the Star-Planet Interactions subsection). Radio aurorae from an exoplanet that is 
gravitationally bound to its host star may exhibit similar behaviors, though the additional possibility of 
aurorae driven by stellar winds can relax phenomenological requirements: persistent electron cyclotron 
maser emissions that disappear during eclipse would also be sufficient. When combined with a broadband 
search for the auroral cutoff frequency, diagnosing exoplanet magnetic fields with radio aurorae can require 
significant observational investment, lending themselves well to large multi-frequency all-sky surveys. 

 

Helium 1083 nm transmission spectropolarimetry.   Recent theoretical developments of the detailed 
radiative transfer properties of helium absorption in escaping atmospheres (Oklopčić & Hirata, 2018; 
Oklopčić, 2019) have led to one of the most promising new methods for assessing gas giant magnetic fields: 
spectropolarimetric transit observations of He 1083 nm absorption in hot Jupiters (Oklopčić et al., 2020). 

As helium atoms in the thermosphere and exosphere of a hot Jupiter absorbs background light from its 
host star, the intensity and spectrum of the incident stellar radiation can excite neutral helium to a 23S1 triplet 
state. This excited state is metastable because transitions to the ground state are exclusively highly 

	
3 An object’s rotation period measured from cloud variability can differ from the rotation period of its deep interior as measured 
from its radio aurorae. This effect has been observed on a cold T6.5 spectral type brown dwarf as well as on Jupiter (Allers et al., 
2020, and references therein). 
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Radiation Belt 
Emission (synchrotron 
emission):  

for brown dwarfs, fainter 
than aurorae by a factor 
of a few -> could be 
challenging to detect in 
exoplanets, even with 
ngVLA
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In addition to Earth, Jupiter, Saturn, Uranus, and Neptune (Mauk & Fox, 2010), all brown dwarfs that 
produce radio aurorae at gigahertz frequencies also exhibit non-auroral radio emissions (Pineda et al., 2017; 
Kao et al., 2019; Kao & Shkolnik, 2024, and references therein). Such emissions can trace extrasolar 
analogs to Jovian radiation belts (Figure 8; Kao et al., 2023; Climent et al., 2023). 

Solar system and brown dwarf radiation belts extend well beyond several times the object’s radius 
(Bolton et al., 2004; Kollmann et al., 2018; Kao et al., 2023; Climent et al., 2023). Despite these extended 
sizes, resolved radiation belt imaging will be limited to all but the nearest exoplanets until space-based 
radio arrays can offer baselines exceeding the diameter of Earth. However, confirming that the quasi-
quiescent component of brown dwarf radio emissions traces their radiation belts opens a pathway to 
identifying extrasolar radiation belts using unresolved radio timeseries with future arrays. For exoplanets 
bound to their host stars, distinguishing between stellar and exoplanet radio emissions in unresolved radio 
timeseries will add an additional layer of difficulty. Free-floating planets are untroubled by this concern, as 
two isolated planetary mass brown dwarfs exhibiting radiation belt emissions showcase (Kao et al., 2016). 
 

 
Figure 8: (left) 2 GHz imaging of Jupiter’s inner electron radiation belts at different rotational phases. Jupiter’s dipole 
moment is offset from its rotation axis. Credit: NASA/JPL. (right) 8.4 GHz imaging of an electron radiation belt 
around the aurora-emitting ultracool dwarf LSR J1835+3259. Credit: Kao et al. (2023). 

 
At present, topological information from detections of extrasolar radiation belts is limited: they 

confirm only that an object has a dipole field component but offer no further information on the partition 
of magnetic energies between dipole and higher-order field components. For instance, Uranus and Neptune 
host radiation belts (Mauk & Fox, 2010) though dipoles do not dominate their magnetic fields (Stevenson, 
2010). In contrast, Mars and Venus do not have global magnetic fields or radiation belts. 

Finally, brown dwarf radiation belt emissions are fainter than radio aurorae by factors of at least a few 
(Kao et al., 2016, 2018, 2023; Pineda et al., 2017, and references therein). If exoplanet radiation belt 
emissions scale similarly, they will likely be too faint to be detectable with current or even next generation 
instruments like the ngVLA, SKA, and DSA 2000. If astronomers wish to access the model-independent 
topological information offered by radiation belts, investing in future generations of high sensitivity radio 
arrays with very long baseline interferometry capabilities will be necessary. 


