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Contextualizing Interstellar Minor Planets
Case Studies: Assessing formation hypotheses for 
`Oumuamua and Borisov from first principles.

Levine et al. (2021a); Levine et al. (2021b) Levine et al. (2023a), Pearce et al. (in prep)
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Population-Level: Predicting planet-formation 
constraints from exo-comet counts in LSST.
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Levine et al. (in prep)Levine et al. (2023b)
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Debiasing Surveys: Showing that an overlooked 
selection effect related to asteroid shapes could 
resolve discrepant population estimates.

Contextualizing Near-Earth Minor Planets
Activity Detection: Identifying outgassing volatiles 
on near-Earth objects from astrometry in wide-field 
surveys like LSST. 
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Today’s Topic: Planetary Aeronomy (Upper Atmospheres)

8

Earth-Sun System WASP-69 System

Goal of  Study: Understand the response of  planetary atmospheres 
to changes in their space weather environments. Levine et al. (in prep) submitting

next week!
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Today’s Topic: Planetary Aeronomy (Upper Atmospheres)
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Earth-Sun System WASP-69 System

• Earth’s thermosphere responds to the Sun’s changing XUV 
output across the eleven-year magnetic activity cycle.
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Hot Neptune Desert

Radius Valley

Howard et al. (2010); Owen et al. (2018)

Fulton et al. (2017); Owen et al. (2017)

Planetary Aeronomy May Explain Trends in Radii
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• Planetary outflows driven by 
stellar XUV may shrink radii 
on astronomical timescales. 

• Long-term mass-loss models 
should correctly predict 
atmospheres’ responses on 
yearslong timescales.

• Changing stellar XUV output 
across activity cycle naturally 
varies a model input.
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Thermal Escape of  Planetary Atmospheres to outer space

to Earth

• Planet can lose gas to space above the 
exobase since particles don’t collide.

at exobase:
H ~ lmfp
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to outer space

to Earth

at exobase:
H ~ lmfp

• Planet can lose gas to space above the 
exobase since particles don’t collide.

• Gas escapes if  vesc < vth at exobase.
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Thermal Escape of  Planetary Atmospheres
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Escape 
Velocity

Earth:
mostly nonthermal escape

𝑣!"#
𝑣$%

=
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at Earth’s exobase: vesc > vth

Atmospheric escape is easier when:
• exobase is hot.
• planet is light.
• planet is large.

WASP-69b:
hydrodynamic escape

Escape 
Velocity

at WASP-69b’s exobase: vesc ~ vth

• Gas escapes if  vesc < vth at exobase.
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Observing Planetary Thermospheres

Recent thermosphere tracer: 
• Metastable He 10830Å

-optically thick at high altitude
    (i.e. indicator of  aeronomy)
-no interstellar absorption
-visible from ground

Single-Epoch (Attempted) Metastable He Measurements

WASP-69b
Photometry
Spectroscopy
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• This Study: observe one 
exoplanet over time.
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Understand the response of  exoplanet atmospheres to 
changes in their space weather environments.

Planetary Thermospheres Change with Stellar XUV 

15 Levine et al. (in prep)

Earth-Sun System
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Understand the response of  exoplanet atmospheres to 
changes in their space weather environments.

1. Atmospheric data.

Planetary Thermospheres Change with Stellar XUV 

16 Levine et al. (in prep)

Earth-Sun System
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1. Atmospheric data.
2. Stellar XUV output.

Planetary Thermospheres Change with Stellar XUV 

17 Levine et al. (in prep)

Understand the response of  exoplanet atmospheres to 
changes in their space weather environments.

Earth-Sun System
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1. Atmospheric data.
2. Stellar XUV output.
3. Long-term monitoring.

Planetary Thermospheres Change with Stellar XUV 

We need data over multiple 
wavelengths and epochs.

18 Levine et al. (in prep)

Understand the response of  exoplanet atmospheres to 
changes in their space weather environments.

Earth-Sun System
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1. Atmospheric data.

Levine et al. (in prep)

Planetary Thermospheres Change with Stellar XUV 
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4σ different

(2
02

3)

(2019)

Narrowband Transits with Palomar/WIRC

(2023)
(2019)

(2022)

2. Stellar XUV output. 3. Long-term monitoring.
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Credit: shot on my iPhone

Levine et al. (in prep)

Planetary Thermospheres Change with Stellar XUV 
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1. Atmospheric data. 2. Stellar XUV output. 3. Long-term monitoring.
Earth-Sun System WASP-69 System
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Planetary Thermospheres Change with Stellar XUV 
1. Atmospheric data. 2. Stellar XUV output. 3. Long-term monitoring.

• Swift Observatory measured X-ray 
flux of  WASP-69 in Sep. 2023.

• Total of  11.9ks (3.4hr) of  
exposure time across five visits.

• Time awarded via DDT to follow-up 
observed metastable He variability 
from planetary thermosphere.
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Planetary Thermospheres Change with Stellar XUV 
1. Atmospheric data. 2. Stellar XUV output. 3. Long-term monitoring.

• Swift Observatory measured X-ray 
flux of  WASP-69 in Sep. 2023.

• Total of  11.9ks (3.4hr) of  
exposure time across five visits.

• Time awarded via DDT to follow-up 
observed metastable He variability 
from planetary thermosphere. -0
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• Marginal (2σ, not 3σ) detection.
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Credit: shot on my iPhone

Levine et al. (in prep)

Planetary Thermospheres Change with Stellar XUV 

23

1. Atmospheric data. 2. Stellar XUV output. 3. Long-term monitoring.
Earth-Sun System WASP-69 System
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Modeling Multi-Wavelength & Contemporaneous Data
• Determine changes in stellar XUV that are consistent with archival atmospheric data.

Levine et al. (in prep)24

(2019)

(2023)

WASP-69 System
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Modeling Multi-Wavelength & Contemporaneous Data
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Modeling Multi-Wavelength & Contemporaneous Data
• Determine changes in stellar XUV that are consistent with archival atmospheric data.

Levine et al. (in prep)27
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Looking Ahead: Sustaining the WASP-69 Campaign
• TESS will re-observe WASP-69 -- chance to also take atmospheric and XUV data.
• Many other systems already with archival metastable He data.
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Conclusions: A Pilot Study on Planetary Aeronomy

Fine-Grained Takeaway
• We traced yearslong changes in an exoplanet thermosphere with changes in the stellar XUV output.
Population-Level Takeaway
• We probed the cause (stellar XUV) and effect (mass-loss) of  a process that may sculpt exoplanet radii.
Big-Picture Takeaway
• We connected our research with terrestrial aeronomy to contextualize Earth and other planets.

Levine et al. (in prep)29

(2023)

(2019)

Thank you, collaborators: Shreyas Vissapragada (Harvard/CfA), Adina Feinstein (Univ. Colorado), George King (Univ. Michigan), 
Lia Corrales (Univ. Michigan), Aleck Hernandez (Wayne State Univ.), Heather Knutson (Caltech), Mike Greklek-McKeon (Caltech)

Earth-Sun System WASP-69 System
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Looking Ahead: More Systems + JWST
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• Many confirmed systems already 
have archival metastable He data.

31

• Some JWST observing modes with NIRISS 
get metastable He data as “bonus science.” 

WASP-69b
Photometry
Spectroscopy
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Planetary Atmospheres Evolve on Many Timescales
Understanding the response of  exoplanet atmospheres 
to changes in their space weather environments.

planet

X-Ray + Extreme UV = XUV 

Host 
Star

atmosphere

Levine et al. (submitted)

Credit: NASA (Dynamics Explorer I)

Earth
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Understanding the response of  exoplanet atmospheres 
to changes in their space weather environments.

planet

X-Ray + Extreme UV = XUV 

Host 
Star

atmosphere

Levine et al. (submitted)

Exoplanets

Planetary Atmospheres Evolve on Many Timescales

Tripathi et al. (2015); Owen (2019)
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Planetary Thermospheres Change with Stellar XUV 

Credit: shot on my iPhone

Earth’s Thermosphere

Solar Activity
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Oklopčić & Hirata (2018)

Nortmann et al. (2018)
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Observing Atmospheric Escape

Recent prolific tracer: 
• metastable He 10830 Å

-no ISM absorption
-visible from ground

First atmospheric escape tracers:
• Lyman 𝛼

-absorbed in ISM
-mostly requires Hubble

-low signal-to-noise

-low signal-to-noise
-only the hottest hot Jupiters

Planets with (Attempted) Metastable He Measurements

• UV metal lines

• Balmer series (H𝛼, etc.)
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Credit: shot on my iPhone

Transmission Spectroscopy

Nortmann et al. (2018)
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Observing Atmospheric Escape

Credit: shot on my iPhone
Credit: NASA (Dynamics Explorer I)

Solar System Planets Exoplanets

Pierre Janssen (1874): oldest IMDb movie

39



40 W. Garrett Levine (Yale University) – ExoExplorers Webinar40

hot Jupiter

Thermosphere

Troposphere

Stratosphere

Mesosphere 

200 K        300 K      400 K   …  800 K

500 km
          .
          .
          .
200 km

 

100 km

 50 km

 10 km

Exosphere

Madhusudhan (2019)

EarthAeronomy:
this study

Meteorology:
JWST (usually)

XUV 
absorbed

mid-UV 
absorbed

Today’s Topic: Planetary Aeronomy (Upper Atmospheres)

High TLow T

H
ig

h 
P

Lo
w

 P



41

Credit: NASA/GSFC
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p-winds package

• Model of  upper atmosphere 
structure and H/He level 
populations as isothermal 
hydrodynamic escape.

Parker (1958); Oklopčić & Hirata (2018); Lampón et al. (2020) 

• Requires an input mass-loss rate, 
thermosphere temperature, and 
stellar irradiation spectrum.

Best-fit to observed metastable 
He + XUV from Summer 2023.

Modeling Multi-Wavelength & Contemporaneous Data

Levine et al. (submitted)51
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Credit: shot on my iPhone
Madhusudhan (2019)
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He: 63rd element 
discovered (1868)

This line was unknown and correctly attributed to a new element.

Helium: the only element 
discovered by astronomers. 
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• Pierre Janssen: co-discoverer of  He and 
creator of  oldest film on IMDB.
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Motivation: Palomar 200” Telescope

1. Structure of  the Universe
2. Evolution of  Stars
3. Constitution of  Matter

Goal: reach the main 
sequence of  Milky Way 
globular clusters.

1928
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• $6mn ($100mn today) gift from the 
Rockefellers essentially started Caltech’s 
astronomy program.

• Hale Telescope is still the 20th largest 
telescope in the world.

• When Palomar was designed, Nazi 
Germany was just inventing “night vision.”
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NGC 6356: Sandage et al. (1960)
Limit: V ~ 19 mag

Main Sequence of  Globular Clusters
• Sun-like main sequence star from 4kpc: V ~ 17.5 mag.

10’ x 10’ image
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Constraint #1: Star Brightness

2MASS: J-Band

WIRC He Filter

• On Palomar/WIRC, my requisite SNR needs J < 11 mag stars.

• He filter (6Å FWHM) makes these targets appear as 17-18 mag.

0.2% width of  
2MASS J-Band.

• Modern instrumentation allows 90s exposures and time-domain astronomy.

Limit: V ~ 19 mag

60
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Constraint #1.5: Uninterrupted Observing
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Constraint #2: Reference Star Availability

Target Star Reference #1

Reference #2

Differential Photometry:
• Need a few stars in WIRC 

field-of-view that are within 
1-2 mag of  target star.

N
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m
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d 

Fl
ux

Time
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• WIRC: 6x10-6 sr FOV

Constraint #2: Reference Star Availability
2MASS: J ~ 11 mag

(3.5 million stars) 3x10-6 sr/star

• Expectation:
6	×	10!"	sr

3×10!"	sr/star 	= 2	stars	in	WIRC	FOV

for J ~ 11.

• J ~ 11 is the brightest star for which we can expect several references.
• Galactic Plane: field star density enhanced by a factor of  a few.
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Why Palomar Works for Helium Transits 
• 1928: reaching the main sequence of  

globular clusters was a priority.
• required stars around 18th magnitude.

• Today: my SNR requires target stars 
brighter than J ~11 mag.
• FWHM 6Å filter makes these host 

stars look like 17-18 mag.

• Coincidentally: star count statistics imply 
that I need stars J ~ 11 mag or dimmer 
to expect several reference stars. Sandage et al. (1960)
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“Although contour maps are presented, a careful comparison of  the contours with the single-pixel scans on which they are 
based indicates that Neugebauer and Becklin had not received sufficient time on the 200-inch telescope to map the region 
thoroughly (Guido Munch had let them have a little time out of  his allocation).”
-Low, Rieke, Gehrz (2007), ARAA
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