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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 - Earth

Saturn, Uranus and Neptune get aurorae through the same mechanism, but the 
radio emission is fainter because the solar wind power is lower.



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
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Figure 5: Stokes I and V radio timeseries at 8.44 GHz of the ultracool dwarf LSR J1835+3259 showing ∼100% 
circularly polarized and rotationally periodic electron cyclotron maser bursts later identified as aurora by Hallinan et 
al. (2015). Using multi-epoch resolved imaging of this same object, Kao et al. (2023) showed that the non-auroral 
radio emissions are extrasolar Jovian radiation belt analogs (Radiation Belt Emissions subsection; see also Figure 8). 
Credit: adapted from Figure 1 of Hallinan et al. (2008) with permission. 

 

While radio aurorae offer direct measurements of exoplanet magnetic fields, they probe only the local 
emitting region. As such, they provide lower bounds on a surface-averaged magnetic energy (Kao et al., 
2016, 2018). Even so, these lower bound measurements can set stringent constraints on exoplanet dynamo 
models. Numerical dynamo simulations finding that convected energy flux sufficiently determines the 
magnetic field strengths of planets and brown dwarfs (Christensen et al., 2009) have been extended to 
models arguing that hot Jupiters may support strong magnetic fields (Yadav & Thorngren, 2017, see also 
discussion in the Star-Planet Interactions subsection). However, direct measurements of brown dwarf 
magnetic field strengths via their radio aurorae demonstrate otherwise2 (Kao et al., 2016, 2018). 

Obtaining topological information from aurorae requires dynamic spectra paired with careful 
modeling, as has been attempted for ultracool dwarfs with inconclusive results (Yu et al., 2011; Lynch et 
al., 2015). Furthermore, radio aurorae can be emitted along an object’s magnetic field lines, resulting in 
broadband emission that increases with frequency as emitting regions approach strong magnetic fields close 
to the dynamo surface and then cut off sharply above an object’s upper atmosphere at the high frequency 
end of the radio spectrum (Figure 6; Zarka, 2007). While the broadband nature of auroral radio emissions 
allow for relatively lenient frequency search spaces, obtaining the strongest constraints on surface-averaged 
magnetic field strengths requires broadband observations that can identify this cutoff frequency. However, 
care must be taken when interpreting non-detections, which can be attributed to many factors that are 
unrelated to objects’ magnetic field strengths (Kao & Shkolnik, 2024). 
 

	
2 These models apply only to rapidly rotating objects with dipole-dominated magnetic fields (Christensen et al., 2009). Section 2 
comments on the former requirement, while the confirmation of strong dipole fields traced by bright radiation belts around aurorae-
emitting ultracool dwarfs (Kao et al., 2023; Climent et al., 2023) suggest that at least some aurorae emitting brown dwarfs may 
meet magnetic energy partition requirements. 

Very low-mass dwarf  
LSR J1835+3259 

Rotation period = 2.84 hours 

Hallinan et al. (2008)



Aurorae in the Solar System

Image credit: J. Spencer, 
Southwest Research Institute
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Star-planet interaction 
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Figure 11: Orbitally modulated Ca II K emission attributed to star-planet interactions from hot Jupiter systems. Credit: 
adapted from Figure 1 in Cauley et al. (2019). 

 
This section would be incomplete without a discussion of orbitally modulated magnetically active 

stellar chromospheric lines. The prevailing interpretation for such emissions are star-planet magnetospheric 
interactions and they have been observed from hot Jupiter systems including HD 179949 b, HD 189733 b, 
τ Boötis, and ν Andromedae (Figure 11 Shkolnik et al., 2003, 2005, 2008; Gurdemir et al., 2012; Cauley et 
al., 2018, and references therein). Several theories have been proposed to explain the power observed in 
these emissions, including reconnection events between stellar and planetary magnetic field lines as the 
latter travels through the stellar magnetosphere (Cuntz et al., 2000), reconnection events triggered by the 
planet on the stellar surface (Lanza, 2009, 2012), the Alfvén wing model (Saur et al., 2013), and the 
stretching of magnetic flux tubes between the star and the planet as the latter orbits (Lanza, 2013). 

Of these, only the last model can account for the total power P derived from detections of star-planet 
chromospheric emissions from hot Jupiters: 

2 ≈ )0
7 =-	K-

)	I-)	v8.9,             (11) 

where fp is the fractional hemispheric flux tube coverage for the planet and depends on the ratio between 
the planet’s surface polar magnetic field Bp and the stellar magnetic field at the location of the planet, Rp is 
the planet radius, and vrel is the relative velocity between the planet and stellar magnetic field lines at the 
planet’s location. Although this model can explain observations, the magnetic field strengths that Cauley et 
al. (2019) derive using it remain unconfirmed by an independent means. As with the Alfvén wing model, 
this model also relies on an accurate understanding of energy partitions; inferred exoplanet magnetic fields 
can differ by several orders of magnitude depending on the fraction of the total star-planet interaction power 
that is radiated in the observed chromospheric lines. Tuning this energy partition allow Cauley et al. (2019) 
to infer magnetic field strengths for HD 179949 b, HD 189733 b, τ Boötis, and ν Andromedae that agree 
with predictions from magnetic dynamo scaling relationships relying primarily on a planet’s convected 
thermal energy (Christensen et al., 2009; Yadav & Thorngren, 2017). However, direct measurements of 
brown dwarf magnetic field strengths call this tuning into question (Kao et al., 2018), underscoring the 
necessity of independently validating these inferred magnetic field strengths with other measurement 
methods and/or detailed energy partition studies. 

Ohmic Dissipation.   Above 1000 K equilibrium temperatures, many hot Jupiters exhibit inflated radii 
relative to predictions from planetary evolution models (e.g., Thorngren & Fortney, 2018). One proposed 
explanation for this “radius anomaly” is heating from interior Ohmic dissipation in electrical currents 
induced by ionized winds in magnetized planets (Batygin & Stevenson, 2010; Batygin et al., 2011). 

Ohmic dissipation cannot account for all observed radius anomaly behaviors (Wu & Lithwick, 2013; 
Ginzburg & Sari, 2016), and interior heating may also arise from tidal dissipation and shear instabilities or 
vertical mixing. As such, inferring inflated hot Jupiter magnetic fields from Ohmic dissipation models (e.g., 
Wu & Lithwick, 2013; Rauscher & Menou, 2013) requires carefully accounting for all such interior heating 
processes. We refer the interested reader to Fortney et al. (2021) for additional discussion on hot Jupiter 
interior heating mechanisms. 

Aurorae on the star!
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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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Life on Earth
panspermia: “seeds everywhere” 

-> life arrives, ready-made, on the surface of 
planets from space (meteorites, asteroids, comets, 
space dust…) 
-> can life survive the trip? bacterial spores: ~1 in 
100,000 have been shown to survive brief 
exposure to the 3,000°C flame (e.g. rocket 
exhaust), while others have survived a bath in 
liquid helium at -269°C  



Life on Earth
More likely, meteors impacting Earth generated HCN (hydrogen cyanide) and H2S 
(hydrogen sulfide). HCN is also abundant in comets many of which impacted Earth 
for the first several hundred Myr of its history 

-> these molecules + UV radiation kickstarted the production of amino acids and 
other organic building blocks; 
-> amino acids react with energy (sunshine, volcanic) to make the specific 
polypeptide chains (precursors to proteins) needed for life. 
-> DNA communicates the “blueprints” for making proteins, but cells can’t copy 
these molecules without proteins. So which came first? 

-> Studies find that HCN + H2S + UV can, over time, make RNA 
-> Perhaps first life was only based on RNA and DNA appeared later 
-> Recent research suggests that it may be possible to go from RNA to DNA 
in just a few chemical reaction steps without cells 

But a key element is liquid water, which acts as a solvent for prebiotic reactions to 
take place.

To date, life has not been created in the lab.



Drake Equation

Ns = 100 x 109 
Fp = 0.1? 
Fl = 1? 

Fi = 0.01? 
Lc = 300 000 y ? 
Ls = 10 Gy N = 3000

The first SETI meeting speculated N = 1000 to 100 000 000 in the Milky Way.

The Fermi Paradox

So where are they?



Where do we search?  
“Habitable” Zones

(But is liquid water enough?)



Where do search? M Dwarfs

• Deeper transits (for radius and atmospheric 
measurements); 

• More frequent transits of planets in the 
“habitable zone”; 

• Stronger radial velocity signal (for mass 
measurements); 

• M dwarfs live longer -> more time for 
(advanced) life to develop?

• Stellar activity (e.g. flares) give off a lot of 
UV and XRay light  

-> can strip planetary atmospheres 
-> bad for the development of biological 
life

Pros Cons



How do we search?
Best options right now:  

- spectral features of biosignatures (e.g. oxygen AND methane) and 
technosignatures 

- SETI


