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ABSTRACT

The molecular ion H+
3 is a potentially powerful tracer of the ionospheres and thermal structures of

Jovian planets, but has never been detected in a planetary mass object outside of the solar system.

Models predict that H+
3 emission driven by EUV flux and solar wind on hot Jupiters, or by powerful

aurorae on brown dwarfs, will be between 102 and 105× more intense than that of Jupiter. If optimal

conditions for the production of emission do exist, the emission may be detectable by current ground-

based instruments or in the near future. We present the first search for H+
3 line emission in brown

dwarfs with Keck/NIRSPEC L′ high-resolution spectroscopy. Additionally, we survey stars hosting

giant planets at semi-major axes near 0.1 − 0.2 au, which models suggest may be the best planetary

targets. No candidate H+
3 emission is found. The limits we place on the emission of H+

3 from brown

dwarfs indicates that auroral generation of H+
3 in these environments likely does not linearly scale

from the processes found on Jupiter, plausibly due to deeper atmospheric penetration by precipitating

auroral electrons. Detection of H+
3 emission in brown dwarfs may be possible with the James Webb

Space Telescope (JWST), or future thirty-meter class telescopes.
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1. INTRODUCTION

A major goal in exoplanet studies is understanding

the diversity and evolution of planetary atmospheres,

including atmospheric responses to variable stellar envi-

ronments and loss rates over time. Within this goal,
describing the thermodynamic properties and energy

budgets that govern atmospheric temperatures, chem-

istry, and expansion are paramount. As the interface

between an atmosphere and its surrounding space, the

upper atmospheres of planets, including the thermo-

sphere, ionosphere, and exosphere, are excellent labo-

ratories to probe atmospheric thermodynamics as they

are more sensitive to changes in energy flow than lower

atmospheric regions.

In the past decade, planetary upper atmospheres out-

side our solar system have begun to be probed by spec-

troscopic observations of hot Jupiters and brown dwarf

planetary analogues. Notably, atmospheric expansion

and hydrodynamic escape, as well as thermospheric and

ionospheric layers, temperatures, and winds, have all

been measured or inferred for exoplanets using tracers

such as He I and Na I, among others (see Vidal-Madjar

et al. 2011; Spake et al. 2018; Seidel et al. 2020; Cauley

et al. 2021; Allart et al. 2019). Recently, observations of

ionospheric species have been described as evidence for

the possible first detection of an exoplanetary magnetic

field (Ben-Jaffel et al. 2021).

A direct and potentially significant tracer of the iono-

sphere, which has yet to be detected in an extrasolar

planetary mass object, is the molecular ion H+
3 . H+

3 is

expected to form readily in the upper atmosphere via the

ionization of H2 by extreme-ultraviolet radiation (EUV,

10 − 100 nm), or by energetic electrons precipitating

along field lines during aurorae:

H2 + hν → H+
2 + e−

H2 + e−∗ → H+
2 + 2e−

H2 +H+
2 → H+

3 +H

Destruction of H+
3 then occurs by dissociative recom-

bination, or, in the lower thermosphere by reaction with

other molecular species, such as hydrocarbons or H2O.
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Thus, H+
3 is expected to only exist in concentration

above the homopause where atmospheric mixing is weak

and abundances of heavier species are low. In stellar at-

mospheres, H+
3 is not expected to be abundant except in

the coolest, metal poor stellar atmospheres (Tennyson &

Miller 2001), such that any detection in a stellar envi-

ronment can be attributed to a planetary ionosphere.

Within the thermospheres and ionospheres of giant

planets and brown dwarfs, H+
3 is expected to be a dom-

inant source of radiative cooling that scales with incom-

ing energy flux, sometimes called the “H+
3 thermostat”

(Maillard & Miller 2011). Observations of Jupiter’s au-

roral regions have shown that H+
3 rotational-vibrational

emission in the near- and mid-infrared effectively bal-

ances variable energy input from EUV flux, the solar

wind, and particle precipitation. Its role as a coolant

is expected to continue for extrasolar giant planets, at

least up to high thermospheric temperatures less than

∼10,000 K, above which the formation will be sup-

pressed by the dissociation of H2 (Koskinen et al. 2007).

In our own solar system, observations of H+
3 in Jupiter,

Saturn, and Uranus have been a useful diagnostic of up-

per atmospheric temperatures, densities, wind dynam-

ics, and cooling, as well as magnetosphere-atmosphere

interactions (see a review by Miller et al. 2020).

Theoretical predictions for H+
3 emission in close-in

giant-planet and brown dwarf atmospheres agree that

the emission is likely to be orders of magnitude larger

than that emitted by Jupiter. This increase can be

driven by elevated EUV flux compared to Jupiter in the

case of giant exoplanets, or by powerful magnetic fields

and associated aurorae for brown dwarfs or exoplanets

with strong magnetospheres. While there is consensus

that H+
3 emission is an important thermal mechanism,

exactly how much stronger emission is to be expected in

these environments is uncertain. Early predictions sug-

gested that a planet like τ Boo b may have an H+
3 emis-

sion luminosity upwards of 1017 W, roughly 105× that

of Jupiter (Miller et al. 2000), with most of that energy

in concentrated in a few lines. Subsequent models, how-

ever, have been conservative, with Koskinen et al. (2007)

predicting a maximum total luminosity for any planet of

1015 W and Chadney et al. (2016) predicting maximum

total luminosities of around 1016 W for a planet like HD

209458 b between 0.1 and 0.2 au from a young, active

K or M dwarf. An additional complication is that indi-

vidual line strengths do not grow linearly with the total

intensity as the thermosphere becomes hotter, as more

molecular transitions become populated at higher exci-

tation temperatures. Furthermore, none of these mod-

els account for auroral contributions to H+
3 generation,

which may boost the H+
3 luminosity depending on the

auroral energy deposition.

Free-floating brown dwarfs may represent the best

environment for successful H+
3 detection as a number

of them possess evidence of powerful aurorae (104×
more energetic than Jupiter’s) in the form of electron-

cyclotron maser (ECM) emission and, in a few cases,

synchronous variable Balmer emission (Hallinan et al.

2015; Pineda et al. 2016). The auroral current is pos-

tulated to be driven by either the break between co-

rotating and subrotating magnetic field lines outside the

dwarf (Nichols et al. 2012), or by interaction with a

brown dwarf satellite (Hallinan et al. 2015). By assum-

ing that the strength of the aurorae corresponds to a

linear increase in the number of precipitating electrons,

and that the energy of the electrons do not increase sig-

nificantly, Helling & Rimmer 2019 have suggested that

H+
3 emission will similarly be near or above 104× that

of Jupiter (1016 - 1018 W). Pineda 2017 argues that

if brown dwarf aurorae operate analogously to that of

Jupiter, then H+
3 L′ emission of H+

3 could carry up to

10× more energy than optical Balmer emission that has

been associated with aurorae for some nearby brown

dwarfs (up to 1018 W). These works suggest that de-

tection of H+
3 emission from a free-floating brown dwarf

with current instruments is plausible.

A number of attempts have previously been made to

detect H+
3 emission in hot Jupiters, most of which have

focused on observing the fundamental ro-vibrational H+
3

lines in the L band around 4µm (Brittain & Rettig

2002; Goto et al. 2005; Shkolnik et al. 2006; Laughlin

et al. 2008; Lenz et al. 2016). Shkolnik et al. (2006)

carried out a survey of six systems hosting extrasolar

giant planets (EGPs) with the CSHELL instrument on

NASA IRTF and set the lowest detection limit so far

of 6.3 × 1017 W for GJ 436 at 1σ significance. Most

recently, Lenz et al. (2016) observed the HD 209458 sys-

tem with VLT/CRIRES using occultation spectroscopy

to attempt to reduce the effect of the stellar background.

They achieved a 3σ detection limit of 5.3 × 1018 W for

the Q(3,0) line at 3985.5 nm, but were significantly ham-

pered by poor weather.

There has been one observational attempt to detect

H+
3 emission in brown dwarfs. Pineda (2017) searched

for H+
3 lines in K band, medium resolution spectroscopy

of brown dwarfs with known ECM radiation using

Keck/MOSFIRE. They did not detect any excess in-

frared emission attributable to H+
3 , but did not set emis-

sion limits for these objects. Within their discussion,

they suggest high-resolution L-band spectra to confirm

their results, as only about 10% of H+
3 emission is ex-

pected in K, with the remaining energy emitted mostly
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in L (Neale et al. 1996). Therefore, a high-resolution

search for emission lines in the L band to set observa-

tional limits is of high interest despite the added chal-

lenge of increased thermal background when observing

at longer wavelengths.

In this paper, we describe a search for H+
3 emission

in 5 brown dwarfs and 5 systems hosting giant planets

using Keck/NIRSPEC. We describe our target selection

methodology in Section 2. Section 3 outlines our obser-

vations of the 10 targets and our data reduction process.

In Section 4, we present results and set upper limits on

emission for each of our targets. We interpret our non-

detections in the context of atmospheric and magneto-

spheric models for brown dwarfs and giant planets in

Section 5, and finally discuss future paths for detection

with observatories such as JWST.

2. SURVEY SCOPE AND TARGET SELECTION

The primary goal of our study is to attempt to con-

strain the upper atmospheric and auroral chemistry of

brown dwarfs by setting observational emission limits

for H+
3 . As an additional goal, we attempt to detect or

set upper limits for H+
3 in giant exoplanets at distances

of 0.1 to 0.2 au from solar or later type dwarfs, which

models suggest are the most promising planetary targets

(Koskinen et al. 2007; Chadney et al. 2016). In deter-

mining a number of targets to observe, we attempted to

balance the integration time per target with sample size

such that we would reasonably avoid non-detection due

to small number statistics.

To select our brown dwarf targets we relied upon

radio observations of ultra-cool dwarfs summarized in

Williams (2018). At present, approximately a dozen

brown dwarfs have been observed emitting ECM radi-

ation, which is thought to be produced by auroral pro-

cesses and is similar to auroral radio emission observed

from the poles of Jupiter. We chose the closest brown

dwarfs with observed ECM radiation, and which span

the spectral range from the end of the main sequence to

T dwarfs. H+
3 emission has only been previously mod-

elled in one brown dwarf (2MASSI J1835379+325954)

(Helling & Rimmer 2019). Therefore, we decided to se-

lect targets with diverse spectral types and therefore at-

mospheric conditions rather than those that necessarily

had the most intense ECM radiation, since the optimal

atmospheric conditions for high H+
3 emission in brown

dwarfs is still mostly unexplored. We also selected

the ultra-cool dwarf binary system 2MASS J07200325-

0846499 (Scholz’s star) as it is possible the binarity helps

stimulate aurorae and H+
3 generation as Io does with

Jupiter by producing an interacting plasma (Connerney

et al. 1993), although it is not clear if the separation

in this system (a ∼ 2.2 au, Dupuy et al. 2019) is close

enough for a similar phenomenon to occur. We do not

independently consider the inclination or rotation rates

of the dwarfs, although inclinations have been measured

for some dwarfs (e.g. Vos et al. 2017) and may effect

aurorae observability (although this has not been quan-

tified). Our four selected brown dwarf systems can be

found in Table 1.

The motivation for an additional search for H+
3 in exo-

planets is that of three previous observational attempts,

two have focused on only one ultra hot Jupiter each (τ

Boo b, Laughlin et al. 2008, and HD 209458 b, Lenz

et al. 2016). While detection of H+
3 in any planet is at

the current limits of technical capability, models pub-

lished after these observations (Chadney et al. 2016)

suggest that the thermospheres of these specific EGPs

are very likely too hot to contain significant H+
3 abun-

dance. Therefore, we decided to include a number of

planetary systems that are cooler, yet still have a high

ionizing flux from their host star

To select planetary targets, we used the NASA Ex-

oplanet Archive (DOI 10.26133/NEA12). Confirmed

planets were sorted based on semi-major axis, bolomet-

ric flux received, mass (or M sin i), and distance from

Earth. We excluded planets with masses less than that

of Saturn, where the thermospheric composition is ex-

pected to begin to change from being hydrogen and he-

lium dominated. Planets with semi-major axes less than

0.07 au were excluded based on the probability that their

thermospheres are too hot to contain H+
3 through pre-

viously described dissociation processes. Otherwise, in-

creased proximity to the star and bolometric flux re-

ceived were considered to make targets better candi-

dates, as those planets are simply exposed to more ioniz-

ing radiation. In reality, it is the EUV, XUV, and X-ray

flux received that is most important for H+
3 production,

not the bolometric flux, but EUV and XUV are not

measured for most exoplanet systems — due to a lack

of observatories in this wavelength region and because

of absorption from the interstellar medium — so the

less-informative bolometric flux is used as a proxy. Sys-

tems with multiple EGPs were preferred even if some of

those giant planets are not necessarily good candidates

for detection. Since signal-to-noise of our spectra is of

central importance to emission limits, apparent magni-

tude was used as a primary selection criterion. It is for

the same reason that all of our targets are non-transiting

systems detected through radial velocity measurements,

as known transiting planets farther than 0.1 au from

their host stars are still generally much farther from

Earth due to the lower probability of having a transit-

ing orbital inclination at increased semi-major axis. The
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Figure 1. Estimated EUV flux received by planetary targets. Giant planets observed in this work are shown by black
squares. Orange diamonds mark previously observed giant planets by Shkolnik et al. (2006); Laughlin et al. (2008); Lenz et al.
(2016), which based on models are likely to have thermospheres too hot to host observable H+

3 emission. EUV data are taken
from Sanz-Forcada et al. (2011) and are from observations or coronal modeling. HD 192263 was also observed in this work, but
EUV estimates are not available.

fact that they are non-transiting precludes the possibil-

ity of using more sophisticated observational techniques

like occultation spectroscopy to search for H+
3 .

Our five selected planetary targets can be found in

Table 2. A comparison of the estimated EUV flux that

some of these planets receive compared to that of Jupiter

and a few other exoplanetary systems is shown in Figure

1. This figure illustrates that we are probing a param-

eter space between the extremes of thermospheres that

are too hot, and too little ionizing EUV radiation to

produce observable H+
3 . EUV flux estimates come from

the X-exoplanets database (Sanz-Forcada et al. 2011),

which uses coronal modeling to predict EUV if no ob-

servational data are available. These values should be

viewed as order-of-magnitude. In particular, the EUV

flux received by planets around GJ 876 is probably an

order-of-magnitude higher as the star is an active M

dwarf.

As a third target class, we chose to observe the white

dwarf, brown dwarf (WD-BD) binary GD 1400. This

novel target class may combine the benefits of planetary

and brown dwarf targets for H+
3 emission. The brown

dwarf may have a strong magnetic field and aurorae, but

it also receives strong EUV flux from the white dwarf.

The white dwarf is dimmer than main-sequence stars

in mid-IR, so the system will have a lower stellar con-

trast. Unfortunately, GD 1400 is very faint despite be-

ing the closest WD-BD binary known, and is a thus an

extremely challenging target for L-band high-resolution

spectroscopy.

All together, we selected 10 promising targets for

the detection of H+
3 in the atmosphere of a planetary

mass object. Highest observational priority was given

to the brown dwarf 2MASSI J1835379+325954, as it

has strongest evidence for an aurora is the only brown

dwarf with a published model for H+
3 . Otherwise, ob-

serving time was based primarily on object observability

and scheduling constraints for a given night. Observa-

tions of these objects are described in the next section.

3. OBSERVATIONS AND DATA REDUCTION

We observed a total of two and a half nights with

Keck/NIRSPEC (McLean et al. 1998; Martin et al. 2018;

López et al. 2020) on the 10 targets described in Sec-

tion 2. Individual observations occurred on 2020 August

27th, September 3rd, October 6th, and 2021 March 3rd,

UT.

Spectra were obtained using the high-resolution mode

with the KL filter. The echelle and cross-disperser an-

gles were set to 62.25◦ and 33.72◦ respectively. This

setup places six H+
3 lines within order 19 of the echel-

logram with a wavelength range of approximately 3.94 to

4.02 microns. These are the same lines included in pre-

vious searches by Shkolnik et al. (2006) and Lenz et al.

(2016), and which have also been observed prominently

in Jupiter (e.g. Maillard et al. 1990). Of these six lines,

the Q(1,0) and Q(3,0) transitions, at 3953.0 and 3985.5
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Table 1. Observed Brown Dwarf Sensitivity Limits

Object Spectral Type Dist. (pc) K mag itime (min) Emission Limit (W)

Q(1,0) Q(3,0)

LSPM J0036+1821 (1) L3.5 8.74 11.06 68.3 6.7 × 1016 1.1 × 1017

SIMP J013656.5+093347.3 (2) T2 6.11 12.56 53.7 2.7 × 1016 2.9 × 1016

2MASS J07200325-0846499 (3) M9.5+T5 6.02 9.47 70.0 9.3 × 1016 5.1 × 1016

2MASSI J1835379+325954 (4) M8.5V 5.69 9.17 94.9 6.3 × 1016 6.7 × 1016

GD 1400 (5) DA4.1 C+L6 46.25 14.34 97.0 3.5× 1018 1.6× 1018

Note—Stellar spectral types, distances, and magnitudes come from the SIMBAD astronomical database (Wenger et al.
2000). Radial velocity references: (1) Blake et al. (2010) (2) Gagné et al. (2017) (3) Burgasser et al. (2015) (4) Deshpande
et al. (2012) (5) Napiwotzki et al. (2020). itime refers to the integration time on target not including read times or
observing overheads.

Table 2. Observed Planetary Target Sensitivity Limits

Object Sp. Type Dist. K Mag itime Em. Limit (W) Planet M sin i a

(pc) (min) Q(1,0) Q(3,0) (MJ) (au)

GJ 876 (1) M3.5V 4.68 5.01 20.5 2.2 × 1017 6.8× 1017 c 0.76 0.134

4.7 × 1017 5.2 × 1017 b 2.39 0.214

HD 192263 (2) K1/2V 19.64 5.54 67.0 2.3 × 1018 3.2 × 1018 b 0.73 0.153

55 Cancri (3) K0V 12.59 4.01 40.0 7.4 × 1018 8.4 × 1018 b 0.80 0.113

1.6 × 1018 1.4 × 1018 c 0.16 0.237

d 3.12 5.957

HD 217107 (4) G8V 20.07 4.54 64.2 2.9 × 1018 8.7 × 1018 b 1.39 0.075

c 4.09 5.94

υ Andromedae (5) F9V 13.49 2.86 21.2 2.9 × 1018 5.1 × 1018 b 0.69 0.059

2.5 × 1018 1.0 × 1019 c 13.98 0.828

d 10.25 2.513

Note—Stellar spectral types, distances, and magnitudes come from the SIMBAD astronomical database (Wenger et al. 2000).
Stellar radial velocity references: (1) Fouqué et al. (2018) (2-5) Gaia Collaboration (2018). Planetary ephemeris references:
(1) Millholland et al. (2018) (2) Dragomir et al. (2012) (3) Bourrier et al. (2018) (4) Giovinazzi et al. (2020) (5) Piskorz et al.
(2017). itime refers to the integration time on target not including read times or observing overheads.

nm, respectively are expected to be the most intense,

with the Q(1,0) being most intense at lower rotational

and vibrational temperatures akin to Jupiter (∼500K)

and Q(3,0) becoming dominant and higher temperatures

(∼2000K) (Neale et al. 1996). Other transitions in the R

and P branch do reach similar intensities as these lines,

however, the region around 4 microns is the densest re-

gion of prominent lines across low and high excitation

temperatures, and other prominent lines could not be

observed with a single echelle setting.

Each night, we chose the slit width to be compa-

rable to the average seeing in order to balance target

throughput with minimizing sky background. The best

seeing we achieved on any night was around 0.4”, so
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only the 0.432”×12” (R∼ 25, 000) and wider slits were

used. There was no appreciable cloud cover on any night

listed above. The precipitable water (PW) ranges for

our nights were 1 to 1.2 mm for 27 Aug 2020, 0.6 to 1

mm for 03 Sep 2020, 4 to 6 mm for 06 Oct 2020, and

0.5 to 0.65 mm for 03 Mar 2021.

All observations used a standard ABBA-nodding pat-

tern along the slit that allows removal of thermal back-

ground by A-B pair subtraction. At the beginning and

end of observing each science target, we observed at least

one spectroscopic standard star of A0 or adjacent spec-

tral type, and at similar elevation to the target, for use in

correcting telluric lines. Exposure times were chosen for

each target to be safely below detector non-linearity at

∼ 20, 000 ADU. Except for the brightest stellar targets,

the exposure time is generally limited by the thermal

background itself with an exposure of 30 seconds per

co-add nearing non-linearity.

Observation parameters for each target are detailed

in Tables 1 and 2. As discussed in Section 2, our ob-

servation strategy attempted to balance sensitivity with

number of targets observed. Thus, no target is observed

on sky for longer than 2.5 hours, corresponding to a

maximum integration time of about 90 minutes with

readout and nod overheads. Due to target visibility and

scheduling constraints, most targets are not observed to

this limit.

Initial data reduction steps, including calibration, or-

der rectification, trace fitting, and spectral extraction

were carried out using a modified version of the python

pipeline described by Piskorz et al. (2016). Modifica-

tions were made to bad pixel correction to prevent clip-

ping with our data. This pipeline uses optimal extrac-

tion methods described in Horne (1986). Stated simply,

optimal extraction improves spectral signal-to-noise by

weighing pixels based on the wavelength averaged PSF.

Reduction steps are carried out individually for each nod

pair for bright targets. For dimmer targets, it was some-

times necessary to combine adjacent pairs together, es-

sentially as a co-add, so that the spectral trace could

be well-fit. Our faintest target, the WD-BD binary GD

1400, is sufficiently dim that nearly all pairs must be

added to confidently fit the trace.

Raw 1-D science spectra are continuum normalized

before being combined into a median spectrum. Contin-

uum normalization is achieved by smoothing the spec-

trum with a Gaussian filter then constructing a polyno-

mial fit between local maxima, which trace the average

continuum level, that is then divided out. This normal-

ization routine changes the systematic structure of the

spectra, but not at the scale of the expected H+
3 emission

lines.

Wavelength calibration is performed by a 2nd-order

fit of sky emission line positions in the observation data

to the same lines in atmospheric transmission models by

Lord (1992). Line centers are determined by a Gaussian

fit. We find that even with the spectrograph angles set

to the same positions each night, there is still a varia-

tion of about 10 angstroms in the wavelength position

of a given pixel between nights. The average root-mean-

square (RMS) deviation of measured sky line positions

compared to our preferred wavelength solutions is 1.1

pixels, with the most accurate wave solution for HD

217107 (RMS∼ 0.37 pixels) and the least accurate for

LSPM J0036+1821 (RMS∼ 1.6 pixels). For reference,

the expected FWHM of any H+
3 line is ∼ 4 pixels.

We use ESO’s molecfit tool for telluric correction of

the science spectra (Smette et al. 2015; Kausch et al.

2015). Molecfit creates a synthetic transmission spec-

trum using a radiative transfer code and local obser-

vatory and meteorological data. Synthetic telluric cor-

rection is preferable to using standard stars alone as

the synthetic spectrum is theoretically noiseless whereas

standard stars necessarily contain photon noise in addi-

tion to any systematic errors that can exist in both syn-

thetic and observed spectra. For each target, we gen-

erate a synthetic telluric spectrum by fitting a molec-

fit spectrum to the corresponding standard star. The

atmospheric model used is the molecfit default. The

exception is that we additionally fit the molecule NO2.

The most significant absorption features observed within

our wavelength range are caused by NO2. This coinci-

dence is beneficial, as NO2 is expected to have less atmo-

spheric temporal variation compared to other molecules,

notably H2O. For planetary targets, we take the addi-

tional step of using the best fit telluric model from the

standard stars and using it as the start for an addi-

tional molecfit refinement using the science spectrum

itself. This step is not possible for the brown dwarfs

as their intrinsic spectra contain too many absorption

lines for molecfit to be able to reliably disentangle the

telluric features. An additional benefit of using molecfit

that we utilize is a final refinement of the wavelength

solution based on the synthetic model.

As a test for systematic errors that molecfit might in-

troduce to our spectra, we experimented with perform-

ing fits using different standard stars for the target GJ

876 (multiple standard stars were observed around this

data set). After comparing fits from 3 different standard

stars fit separately, there are no systematic differences

of large enough magnitude or at a spectral scale to alter

the interpretation of the corrected spectrum. There-

fore, while some systematic errors are likely introduced
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by molecfit, we do not believe they could be responsible

for an erroneous positive or negative detection.

For our planetary targets, we expect that the radial

velocity does not vary significantly compared to our res-

olution over our roughly two hour periods of observation.

Therefore, we expect the H+
3 line positions to remain ef-

fectively stationary so that no spectral shift and add

technique is necessary.

In the next section, we describe our search for H+
3

lines within the data, and our method for setting obser-

vational limits for H+
3 .

4. LIMITS ON H+
3 EMISSION

After data reduction, we search for candidate H+
3 lines

within our spectra, and in the absence of any, set limits

on the line luminosities that we would have expected to

detect given our spectral signal-to-noise.

For all our targets, we elect to take the simple ap-

proach of a direct, visual search near the anticipated

H+
3 line positions based on the object radial velocities

and after correcting for Earth’s barycentric velocity. For

exoplanetary systems, we also need to account for the

radial velocity of each planet, which is dependent on

the orbital inclination and phase at observation. For-

tunately, most of these exoplanets have relatively well

characterized orbits with known inclinations and pre-

cise ephemeris data. For example, the uncertainty in

the orbital positions of GJ 876 b and c are less than

1%. In cases where the inclination of the planet is not

known, we simply calculate the range in line positions

given a minimum and maximum possible RV at the time

of observation.

Theoretically, we could perform a cross-correlation ap-

proach for planetary targets that would be independent

of the known planetary RV, either by correlating a H+
3

line model with our combined spectra, or by correlat-

ing our spectra at either end of a target’s observation

sequence to try to catch the slight change in RV of the

planet over that time period. We do not believe, how-

ever, that either of these options would result in an in-

creased sensitivity. The primary reason is that we only

expect a few lines to have intensities that are greater

than our spectral noise, and cross-correlation techniques

perform best when many lines are available. Also, mod-

els of H+
3 line intensities from the ionospheric environ-

ment are dependent on non-LTE considerations. If our

line models do not account for this correctly it could

lead to erroneous results. As for measuring the change

in the planetary RV, the maximum change in the RV

of any planet over the observation period is on the or-

der of ∼ 1 km/s, or ∼ 0.5 Å, which is at the edge of

our resolution capability. Finally, by correlating spectra

at different points in the observation we necessarily re-

duce the signal-to-noise of the individual spectra, which

makes it less likely that the H+
3 emission will rise above

the stellar and thermal background and successfully be

correlated.

Spectra for the targets 2MASSI J1835379+325954 and

GJ 876 are shown in Figures 2 and 3, with wavelength

ranges set to expected line locations. The top panel

shows the science and telluric model produced by molec-

fit before the telluric correction has been applied, and

the bottom panel shows the spectrum after the telluric

model has been divided out of the science spectrum.

Note that while the brown dwarf spectra are not as

high signal-to-noise as the stellar spectrum, the observed

variability is partly due to closely spaced absorption

lines from various species in the brown dwarf atmo-

sphere, and is not purely noise. Spectra for all other

targets are provided in appendix figures.

We do not detect any candidate H+
3 emission in any

of our brown dwarf or planetary targets. While some

targets have a local maxima near one or two line posi-

tions, these are all low significance. Specifically, while

2MASSI J1835379+325954 has several low significance

maxima at predicted line locations, it does not have any

peak at the Q(1,0) line, which is expected to be the sec-

ond strongest observed line in our wavelength range at

a wide range of excitation temperatures.

To calculate emission limits for each target, we follow

a similar procedure as in previous searches by Shkol-

nik et al. (2006) and Lenz et al. (2016). Our limits are

calculated individually for the Q(1,0) and Q(3,0) lines,

since these are expected to be the most intense. First,

we calculate the standard error of the normalized mean

science spectrum in each wavelength bin. Next, if the

predicted line location is precisely known (as in the case

for brown dwarfs and planets with known inclinations)

we calculate both the median of the standard error and

the standard deviation of the spectrum within the ex-

pected FWHM of an H+
3 line, approximately 4 pixels.

To ensure our sensitivity estimate is conservative, we

use whichever value is larger as uncertainty in the spec-

trum at that location. In almost all cases, the standard

deviation of the spectrum in the binned wavelength re-

gion is higher than our estimate of the standard error

from individual exposures within the same region. If the

line locations do not have a precise prediction, we calcu-

late the same metrics within the entire region where the

line may appear. The theoretical line width of an H+
3

line is calculated from the instrument profile (an output

of molecfit) and doppler broadening. Despite the fact

that all of our brown dwarf targets are likely rapid rota-
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Figure 2. Spectrum of the free-floating brown dwarf 2MASSI J1835379+325954. Each panel is zoomed into the
expected position of one or more H+

3 emission lines. The top portion of each panel shows the continuum normalized science and
telluric model produced by molecfit together, while the bottom portion shows only the science spectrum after the telluric model
has been divided out. Expected H+

3 line positions are marked by a red vertical dashed line. The upper limits for H+
3 emission

from the Q(1,0) and Q(3,0) lines are 6.3× 1016 W and 6.7× 1016 W respectively.

tors (P < 3 hrs), H+
3 emission from auroral generation

is expected to be concentrated towards the poles (as in

Jupiter, see latitude profile in Drossart 2019) such that

at our resolution, the line width is still dominated by

the instrument profile. We assume that our synthetic

telluric spectrum is noiseless, which is one of the major

benefits of using a synthetic model. Next, we estimate

the L′ magnitude for each target (if no L′ photometric

measurements are available) using K-L′ colors derived

from (Bessell & Brett 1988) for main-sequence stars or

by using colors from brown dwarfs with similar spec-

tral types to our targets published in Golimowski et al.

(2004). This estimated L′ magnitude, and its associ-

ated uncertainty, are then converted to a flux density

in the region of our H+
3 lines, and then to a luminosity

density given the target parallax. We scale our spectral

uncertainty to the luminosity within the line profile and

assume that we would follow-up any peak greater than

3σ significance to get our average line sensitivity for the

target.

Our brown dwarf sensitivities are plotted in Figure

4. Planetary sensitivites are shown in Figure 5 against

sensitivities from previous observational attempts and

limits from theoretical studies. Brown dwarf sensitivi-

ties are roughly an order of magnitude or more stringent

than any upper limits previously set for giant exoplan-

ets, which is primarily a result of their low luminosity.

We achieve the highest sensitivity for any planetary tar-

get so far for GJ 876 c, with a sensitivity of 2.2 × 1017

W for the Q(1,0) line. All calculated sensitivities are

compiled in Tables 2 and 1.

5. DISCUSSION

In this section, we discuss the physical interpretation

of our non-detection for the properties of brown dwarf

and giant planet atmospheres and magnetospheres. We

will examine brown dwarfs and giant planets separately,

beginning with brown dwarfs.

5.1. Auroral Mechanisms in Brown Dwarf

Atmospheres

Our upper limits for H+
3 emission from brown dwarfs

are the lowest limits for any planetary mass objects out-

side of the solar system by more than an order of mag-

nitude. This reduction in upper limits is possible due to

the lower intrinsic luminosity of brown dwarfs compared

to bright host stars, and by the relative abundance of

nearby brown dwarfs to our own solar system compared

to suitable exoplanetary targets.
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Figure 3. Spectrum of the M dwarf GJ 876. This star hosts two giant planets, GJ 876 c, which is closer to the star, and
GJ 876 b. Each panel is zoomed into the expected position of one or more H+

3 emission lines. The top portion of each panel
shows the continuum normalized science and telluric model produced by molecfit together, while the bottom portion shows only
the science spectrum after the telluric model has been divided out. The expected H+

3 line positions are shown separately for
each planet. The upper limits for H+

3 emission for GJ 876 c from the Q(1,0) and Q(3,0) lines are 2.2× 1017 W and 6.8× 1017

W respectively. The corresponding upper limits for GJ 876 b are 4.7× 1017 W and 5.2× 1017 W.

Importantly, we have corroborated the results of

Pineda (2017) that no H+
3 is detected in the atmospheres

of free-floating and binary brown dwarfs that are known

to possess strong magnetic fields and probable auro-

rae. Our observations are complementary in that we

have observed the wavelength region of the fundamen-

tal H+
3 ro-vibrational spectrum at high-resolution in the

L band, whereas their study observed the wavelength re-

gion of the overtone spectrum at medium-resolution in

K band. As Pineda (2017) notes, around 90% of the H+
3

energy in the Jovian atmosphere is emitted in L band

lines while the total K band H+
3 emission in all lines

is thought to be at similar luminosities to auroral Hα

emission. Hα emission has been detected and posited to

have an auroral origin for 2MASSI J1835379+325954,

which was observed in their study and in ours. Figure

4 shows that the previously observed Hα luminosity is

well above our upper limits for H+
3 , however, individual

H+
3 line luminosity’s in L band may fall below our up-

per limits by a factor of several depending on excitation

temperatures. Nevertheless, the fact that we have not

detected H+
3 emission in this target, if the detected Hα is

indeed auroral, suggests that the auroral processes that

generate H+
3 on Jupiter may not be completely analo-

gous to the process that occurs on brown dwarfs. The

idea that the physical process is likely to be different is

consistent with other observational work by Saur et al.

(2018), who found that the UV spectrum of 2MASSI

J1835379+325954 is dissimilar to the UV spectrum from

Jupiter’s aurora and is at least two orders of magnitude

fainter than might be expected from a Jupiter-like au-

roral mechanism.

One of the most likely explanations posited by both

Helling & Rimmer (2019) and Pineda (2017) is that the

electron beams on brown dwarfs have a higher energy

distribution than those on Jupiter. Simplistically, one

might assume that stronger auorae are due to a greater

number of electrons rather than electrons with a differ-

ent energy distribution. This assumption is justified to

an extent because if electron energies are shifted high

enough, then the electrons will become relativistic and

emit synchrotron radiation rather than ECM, yet strong

ECM radiation is still observed from these objects. How-

ever, if the electrons do have moderately higher ener-

gies (but are not relativistic) they would ionize H2 at a

greater depth in the brown dwarf atmosphere where H+
3

is quickly destroyed by neutral hydrocarbons or H2O be-

fore it has time to emit. We estimate that our upper lim-
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Figure 4. H+
3 Brown Dwarf Emission Upper Limits. Blue lines represent sensitivity limits placed in this work for brown

dwarfs. The red/black line is the observed luminosity of optical Balmer emission for the brown dwarf 2MASSI J183537+32594
(Hallinan et al. 2015) for which total H+

3 emission is thought to have similar or higher luminosity depending on auroral
mechanisms (Bhardwaj & Gladstone 2000). The green arrow is our estimated Q(3,0) emission luminosity from 2MASSI
J1835379+325954 based on its relative cyclotron maser emission intensity compared to Jupiter and assuming the same au-
roral electron energy distributions as Jupiter. We estimate that JWST/NIRSPEC can reach this 1016 W sensitivity limit to
lines around 4 microns for a 2000 K brown dwarf with ∼ 1 hour of exposure time.

its lack an order of magnitude to sufficiently probe this

hypothesis for our targets. If the total H+
3 luminosity of

Jupiter (Lam et al. 1997) is multiplied by the relative

ECM emission of 2MASSI J1835379+325954 compared

to Jupiter (∼ 105×), and the rotational and vibrational

temperatures of H+
3 are assumed to be 2800K, then

the Q(3,0) emission luminosity expected from 2MASSI

J1835379+325954 is around 1016 W. The same calcula-

tion for our other brown dwarf targets yield similar gaps

between our upper limits and the calculated Q(3,0) lu-

minosity, as our targets with lower upper limits all have

lower observed ECM radiation intensities. Therefore, an

increased sensitivity by a factor of several is required to

begin constraining electron distributions to higher en-

ergies than that of Jupiter. More than two orders of

magnitude decrease in upper limits would be required to

fully exclude this hypothesis as individual auroral elec-

trons in a brown dwarf atmosphere could possess 102×
more energy than those of Jupiter before becoming rela-

tivistic (an increase from ∼ 5 keV to ∼ 500 keV, Gérard

et al. 2009). Regardless, if electron energies do increase,

Helling & Rimmer (2019) has suggested to instead ob-

serve reaction productions of H+
3 , such as H3O

+. At

present, there is no calculated H3O
+ line list appropri-

ate for an observational attempt. An additional predic-

tion of higher energy electrons is that it will cause more

auroral energy to be radiated in the radio, but less in

UV and infrared, which could be consistent with sur-

veys of brown dwarfs with radio emission (Gustin et al.

2013).

Another likely explanation, which is at least of some

effect, is that the detection of H+
3 is hampered by the

higher thermospheric temperatures of brown dwarfs. In-

dividual line strengths and total luminosity do not scale

linearly with temperature, as higher temperatures al-

low more excitation modes. The thermospheres of our

observed brown dwarfs are certainly hotter than that of

Jupiter, at least up to the effective temperature of∼2800

K in the case of 2MASSI J1835379+325954 (Berdyugina

et al. 2017). This increase in temperature means that al-

though the targeted Q(1,0) and Q(3,0) lines will still be

among the most intense, it is no longer valid to assume

that those lines will carry most of the H+
3 emission lu-

minosity. Instead it will be carried by many lower inten-
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Figure 5. H+
3 Planetary Emission Sensitivities vs. Theoretical Predictions. Blue/grey dots represent sensitivity

limits placed in this work for extrasolar giant planets. Square points represent sensitivity limits placed by other works. X points
represent theoretical predictions for extrasolar giant planets. Note that one observed system can contain multiple giant planets.
The green line represents the predicted sensitivity by Lenz et al. (2016) of the E-ELT in 6.5 hours of exposure time using an
instrument similar to CRIRES (currently on the VLT) to observe the GJ 86 system. Recent models (Chadney et al. 2016)
predict that the grey shaded region is the distance from a host star where a planet will reach a maximum H+

3 luminosity for a
Sun-like or smaller stellar host.

sity lines due to the increase in available excited states.

Other explanations are that non-LTE effects are reduc-

ing emission intensities or simply that detection requires

observing variable aurorae when they are at maximum

intensity. Non-LTE effects are certainly important to

consider when modelling H+
3 , however, most models of

H+
3 in giant planets have accounted for it and have not

shown significant drops in predicted H+
3 luminosity be-

cause of it (Koskinen et al. 2007; Chadney et al. 2016).

While the fact that we have observed multiple targets in-

creases the chance of observing an aurora near a peak of

activity, future searches for H+
3 could attempt to simul-

taneously measure auroral activity by other observables

(e.g. ECM radiation) to place H+
3 limits in the context

of the activity at the moment of observation.

In future studies, targeting white dwarf - brown dwarf

binaries will be an interesting avenue to pursue in ad-

dition to free-floating brown dwarfs. Our search for

H+
3 from the ground is primarily limited by Earth’s at-

mosphere and background, and observing dim targets

(L > 14 mag) past 2.5 microns is difficult with high-

resolution spectroscopy. Our limits for GD 1400 are

closer to those of our planetary targets than of our other

observed brown dwarfs. Very few WD-BD binaries are

known nearby to Earth (GD 1400 being the closest to

our knowledge), and realistically it is not possible to tar-

get them efficiently with a high-resolution spectroscopic

search. WD-BD binaries should be revisited with future-

space based observation or with thirty meter telescopes.

5.2. Extrasolar Giant Planets

Our sensitivity limits for extrasolar giant planets be-

tween 0.1 to 0.2 au from their host stars largely lands us

in the same regime as previous observations by Shkol-

nik et al. (2006), Laughlin et al. (2008), and Lenz et al.

(2016). We have achieved the lowest upper limits so far

for any extrasolar giant planets with our target GJ 876

by a factor of a few. The value of our study therefore

comes primarily from probing a few new systems far-

ther from their stars than have previously been explored.

These planets may have cooler thermospheres that al-

low H+
3 to form. They are also less likely to be tidally

locked and therefore may have stronger magnetic fields

that could power observable H+
3 emission (although un-
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likely to be at kilogauss levels). Our observations princi-

pally rule out strong auroral processes on these planets

that could drive H+
3 production, or if strong aurorae do

exist, they are not driving an H+
3 emission increase that

might näıvely by expected, possibly for the same reasons

as have been discussed for brown dwarfs.

5.3. Prospects for Future H+
3 Detection in Brown

Dwarfs

Comparing our upper limits for H+
3 emission in brown

dwarfs to those of giant exoplanets shows the challenge

in dealing with photon noise from a host star. Because

of this challenge, future detection has the highest like-

lihood in brown dwarfs rather than giant exoplanets.

Our observations likely set the order-of-magnitude limit

achievable with current ground-based instruments for

brown dwarfs, at least within one night of observation.

Focusing only on one brown dwarf, it is reasonable that

luminosity limits of 1016 W could be achieved with a sin-

gle night of observations by Keck/NIRSPEC or a similar

instrument. At this limit, it may be possible to place

lower limits on the energy distribution of precipitating

electrons in the brown dwarf atmosphere.

Lenz et al. (2016) previously investigated upper lim-

its that might be achievable for giant planets with the

planned E-ELT. Their predicted upper limit of 1016 W

in 6.5 hours of exposure time on the exoplanet system

GJ 86 with an instrument like CRIRES on the VLT is

shown as part of Figure 5. By simple extrapolation, it

seems plausible that the E-ELT could reach limits of

around 1015 W in the same amount of time if observing

a brown dwarf rather than GJ 86.

In the more near future, it will be possible to ob-

serve brown dwarfs in the near-infrared from space us-

ing the recently launched JWST. The greatly reduced

thermal background is a significant benefit for potential

searches for H+
3 in L and M bands. The drawback is

that JWST/NIRSPEC is medium resolution (R∼2,700),

compared to the high-resolution capability of ground-

based instruments. This means more blackbody radia-

tion is collected per spectral bin without more H+
3 emis-

sion, except for closely spaced lines that are relatively

low intensity.

To estimate the ability of JWST/NIRSPEC to detect

H+
3 emission from brown dwarfs, we reverse our steps

from Section 4, going from an emission luminosity to a

required signal-to-noise for detection, then use the online

JWST Exposure Time Calculator (ETC) (Pontoppidan

et al. 2016) to find the time needed for JWST to reach

it. We do these steps using the 2000 K low-temperature

PHOENIX model (Phillips et al. 2020) provided as a de-

fault option within the ETC and determine the needed

exposure for three high intensity lines at different wave-

lengths representative of the range of the fundamental

band of H+
3 . These lines are R(3,-3) at 3533.6 nm,

Q(3,0) at 3985.5 nm, and P(6,6) at 4874.4 nm. We find

that to reach a limit of 1016 W requires a total expo-

sure time of around 1 hour for the R(3,-3) and Q(3,0)

lines, however, only ∼ 10 minutes is required to reach

that same limit for the P(6,6) line. All 3 of these wave-

length regions can be explored simultaneously with the

F290LP filter. Thus, despite lower spectral resolution

than ground-based spectrographs, JWST offers signif-

icant opportunity to search for H+
3 emission in brown

dwarfs and constrain their auroral processes and subse-

quent atmospheric effects.

6. CONCLUSIONS

In this study, we have presented a search for H+
3 emis-

sion from brown dwarfs with evidence of aurorae and

select systems hosting giant planets at semi-major axes

of 0.1 to 0.2 au. The key results are as follows.

1) We do not detect any H+
3 emission, but set the

first upper limits for H+
3 emission from free-floating

brown dwarfs, which, to our knowledge, have never been

searched with high-resolution spectroscopy.

2) Our upper limits for H+
3 emission from brown

dwarfs range between 2.7 and 9.3× 1016 W, within the

upper range of a plausible detection based on models.

3) Our non-detection in brown dwarfs suggests that

the aurora-like processes occurring in these objects are

probably not analagous to those of Jupiter, namely that

electron beams are not able to generate a H+
3 density

proportional to the energy of these phenomena. An

order-of-magnitude increase in sensitivity is needed to

probe this hypothesis further.

4) We set the lowest upper limit for H+
3 emission in a

giant exoplanet yet, with a limit of 2.2 × 1017 W. De-

spite these limits, we are not able to place additional

constraints on giant exoplanet atmospheres or magneto-

spheres.

5) We suggest that brown dwarfs are the best targets

for future H+
3 detection attempts, and show that JWST

will be able to reach emission limits around an order-

of-magnitude deeper than current ground-based instru-

ments with equal exposure time.
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APPENDIX

Figure 6. Spectrum of the free-floating brown dwarf SIMP J013656.5+093347.3. Each panel is zoomed into the
expected position of one or more H+

3 emission lines. The top portion of each panel shows the continuum normalized science and
telluric model produced by molecfit together, while the bottom portion shows only the science spectrum after the telluric model
has been divided out. Expected H+

3 line positions are marked by a red vertical dashed line. The upper limits for H+
3 emission

from the Q(1,0) and Q(3,0) lines are 2.7× 1016 W and 2.9× 1016 W respectively.
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Figure 7. Spectrum of the free-floating brown dwarf LSPM J0036+1821. Each panel is zoomed into the expected
position of one or more H+

3 emission lines. The top portion of each panel shows the continuum normalized science and telluric
model produced by molecfit together, while the bottom portion shows only the science spectrum after the telluric model has
been divided out. Expected H+

3 line positions are marked by a red vertical dashed line. The upper limits for H+
3 emission from

the Q(1,0) and Q(3,0) lines are 6.7× 1016 W and 1.1× 1017 W respectively.
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Figure 8. Spectrum of the binary M dwarf - brown dwarf system 2MASS J07200325-084699. Each panel is zoomed
into the expected position of one or more H+

3 emission lines. The top portion of each panel shows the continuum normalized
science and telluric model produced by molecfit together, while the bottom portion shows only the science spectrum after the
telluric model has been divided out. Expected H+

3 line positions are marked by a red vertical dashed line. The upper limits for
H+

3 emission from the Q(1,0) and Q(3,0) lines are 9.3× 1016 W and 5.1× 1016 W respectively.
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Figure 9. Spectrum of HD 217107. This star hosts two giant planets, HD 217107 b and c. The orbit of HD 217107 c is still
poorly constrained and is not expected to have observable H+

3 , so possible line positions are not shown. Each panel is zoomed
into the expected position of one or more H+

3 emission lines. The top portion of each panel shows the continuum normalized
science and telluric model produced by molecfit together, while the bottom portion shows only the science spectrum after the
telluric model has been divided out. The inclination of HD 217107 b is not known, so the line positions show a range from the
minimum to maximum possible planetary RV. The upper limits for H+

3 emission for HD 217107 b from the Q(1,0) and Q(3,0)
lines are 2.9× 1018 W and 8.7× 1018 W respectively.
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Figure 10. Spectrum of HD 192263. This star hosts one giant planets, HD 192263 b. Each panel is zoomed into the
expected position of one or more H+

3 emission lines. The top portion of each panel shows the continuum normalized science and
telluric model produced by molecfit together, while the bottom portion shows only the science spectrum after the telluric model
has been divided out. The inclination of HD 192263 b is not known, so the line positions show a range from the minimum to
maximum possible planetary RV. Noise from the telluric spectrum is obviously a limiting factor. In future work, the telluric
star will be replaced by a synthetic spectrum. The upper limits for H+

3 emission for HD 192263 from the Q(1,0) and Q(3,0)
lines are 2.3× 1018 W and 3.2× 1018 W respectively.
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Figure 11. Spectrum of υ Andromedae. This star hosts at least three giant planets, υ Andromedae b, c, and d. Each panel
is zoomed into the expected position of one or more H+

3 emission lines. The top portion of each panel shows the continuum
normalized science and telluric model produced by molecfit together, while the bottom portion shows only the science spectrum
after the telluric model has been divided out. The expected H+

3 line positions are shown separately for each planet. υ Andromedae
d is not plotted as it is not considered a good candidate for H+

3 detection. The upper limits for H+
3 emission for υ Andromedae

b from the Q(1,0) and Q(3,0) lines are 2.9 × 1018 W and 8.7 × 1018 W respectively. The corresponding upper limits for υ
Andromedae c are 2.5× 1018 W and 1.0× 1019 W.
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Figure 12. Spectrum of 55 Cancri. This star hosts at least four giant planets, 55 Cancri b, c, f, and d. Each panel is zoomed
into the expected position of one or more H+

3 emission lines. The top portion of each panel shows the continuum normalized
science and telluric model produced by molecfit together, while the bottom portion shows only the science spectrum after the
telluric model has been divided out. The expected H+

3 line positions are shown separately for each planet. 55 Cancri d and f
are not plotted as they are not considered good candidates for H+

3 detection. The upper limits for H+
3 emission for 55 Cancri b

from the Q(1,0) and Q(3,0) lines are 7.4× 1018 W and 8.4× 1018 W respectively. The corresponding upper limits for 55 Cancri
c are 1.6× 1018 W and 1.4× 1018 W.
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A&A, 589, A99, doi: 10.1051/0004-6361/201525675

López, R. A., Hoffman, E. B., Doppmann, G., et al. 2020,

in Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series, Vol. 11447, Society of

Photo-Optical Instrumentation Engineers (SPIE)

Conference Series, 114476B, doi: 10.1117/12.2563075

Lord, S. D. 1992, A new software tool for computing

Earth’s atmospheric transmission of near- and

far-infrared radiation, NASA Technical Memorandum

103957

Maillard, J., & Miller, S. 2011, Astronomical Society of the

Pacific Conference Series, Vol. 450, The Molecular Ion

H3+ in Emission in Planetary Atmospheres, ed. J. P.

Beaulieu, S. Dieters, & G. Tinetti, 19

Maillard, J.-P., Drossart, P., Watson, J. K. G., Kim, S. J.,

& Caldwell, J. 1990, ApJL, 363, L37, doi: 10.1086/185859

Martin, E. C., Fitzgerald, M. P., McLean, I. S., et al. 2018,

in Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series, Vol. 10702, Ground-based and

Airborne Instrumentation for Astronomy VII, ed. C. J.

Evans, L. Simard, & H. Takami, 107020A,

doi: 10.1117/12.2312266

McKinney, W. 2010, in Proceedings of the 9th Python in

Science Conference, ed. S. van der Walt & J. Millman, 51

– 56

http://doi.org/10.1051/0004-6361/201834917
http://doi.org/10.1038/s41550-021-01505-x
http://doi.org/10.3847/1538-4357/aa866b
http://doi.org/10.1086/132281
http://doi.org/https://doi.org/10.1029/1998RG000046
http://doi.org/10.1088/0004-637X/723/1/684
http://doi.org/10.1051/0004-6361/201833154
http://doi.org/10.1038/nature800
http://doi.org/10.1088/0004-6256/149/3/104
http://doi.org/10.3847/1538-3881/abde43
http://doi.org/10.1051/0004-6361/201527442
http://doi.org/10.1126/science.262.5136.1035
http://doi.org/10.1088/0004-6256/144/4/99
http://doi.org/10.1088/0004-637X/754/1/37
http://doi.org/10.1098/rsta.2018.0404
http://doi.org/10.3847/1538-3881/ab3cd1
http://doi.org/10.1093/mnras/stx3246
http://doi.org/10.3847/2041-8213/aa70e2
http://doi.org/10.1029/2008GL036554
http://doi.org/10.1002/asna.202013830
http://doi.org/10.1086/420709
http://doi.org/10.1086/430754
http://doi.org/10.1016/j.jms.2013.03.010
http://doi.org/10.1038/nature14619
http://doi.org/10.1098/rsta.2018.0398
http://doi.org/10.1086/131801
http://doi.org/10.1051/0004-6361/201423909
http://doi.org/10.1086/513594
http://doi.org/10.1006/icar.1997.5698
http://doi.org/10.1051/0004-6361/201525675
http://doi.org/10.1117/12.2563075
http://doi.org/10.1086/185859
http://doi.org/10.1117/12.2312266


22 Gibbs et al.

McLean, I. S., Becklin, E. E., Bendiksen, O., et al. 1998, in

Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series, Vol. 3354, Infrared

Astronomical Instrumentation, ed. A. M. Fowler,

566–578, doi: 10.1117/12.317283

Miller, S., Tennyson, J., Geballe, T. R., & Stallard, T.

2020, Rev. Mod. Phys., 92, 035003,

doi: 10.1103/RevModPhys.92.035003

Miller, S., Achilleos, N., Ballester, G. E., et al. 2000, in

Astronomy, physics and chemistry of H3+, Vol. 358,

2359–2559, doi: 10.1098/rsta.2000.0662

Millholland, S., Laughlin, G., Teske, J., et al. 2018, AJ,

155, 106, doi: 10.3847/1538-3881/aaa894

Napiwotzki, R., Karl, C. A., Lisker, T., et al. 2020, A&A,

638, A131, doi: 10.1051/0004-6361/201629648

Neale, L., Miller, S., & Tennyson, J. 1996, ApJ, 464, 516,

doi: 10.1086/177341

Nichols, J. D., Burleigh, M. R., Casewell, S. L., et al. 2012,

ApJ, 760, 59, doi: 10.1088/0004-637X/760/1/59

Phillips, M. W., Tremblin, P., Baraffe, I., et al. 2020, A&A,

637, A38, doi: 10.1051/0004-6361/201937381

Pineda, J. S. 2017, PhD thesis, California Institute of

Technology

Pineda, J. S., Hallinan, G., Kirkpatrick, J. D., et al. 2016,

ApJ, 826, 73, doi: 10.3847/0004-637X/826/1/73

Piskorz, D., Benneke, B., Crockett, N. R., et al. 2016, ApJ,

832, 131, doi: 10.3847/0004-637X/832/2/131

—. 2017, AJ, 154, 78, doi: 10.3847/1538-3881/aa7dd8

Pontoppidan, K. M., Pickering, T. E., Laidler, V. G., et al.

2016, in Observatory Operations: Strategies, Processes,

and Systems VI, ed. A. B. Peck, R. L. Seaman, & C. R.

Benn, Vol. 9910, International Society for Optics and

Photonics (SPIE), 381 – 395, doi: 10.1117/12.2231768
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