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Abstract

Extremely large telescopes (ELTs) present an unparalleled opportunity to study the magnetism, atmospheric
dynamics, and chemistry of very-low-mass (VLM) stars, brown dwarfs, and exoplanets. Instruments such as the
Giant Magellan Telescope–Consortium Large Earth Finder (GMT/GCLEF), the Thirty Meter Telescope’s Multi-
Objective Diffraction-limited High-Resolution Infrared Spectrograph (TMT/MODHIS), and the European
Southern Observatory’s Mid-Infrared ELT Imager and Spectrograph (ELT/METIS) provide the spectral
resolution and signal-to-noise ratio necessary to Doppler image ultracool targets’ surfaces based on temporal
spectral variations due to surface inhomogeneities. Using our publicly available code, Imber, developed and
validated in Plummer & Wang, we evaluate these instruments’ abilities to discern magnetic starspots and cloud
systems on a VLM star (TRAPPIST-1), two L/T transition ultracool dwarfs (VHS J1256−1257 b and SIMP J0136
+0933), and three exoplanets (Beta Pic b and HR 8799 d and e). We find that TMT/MODHIS and ELT/METIS
are suitable for Doppler imaging the ultracool dwarfs and Beta Pic b over a single rotation. Uncertainties for
longitude and radius are typically 10°, and latitude uncertainties range from ∼10° to 30°. TRAPPIST-1ʼs edge-
on inclination and low u isin provide a challenge for all three instruments, while GMT/GCLEF and the HR 8799
planets may require observations over multiple rotations. We compare the spectroscopic technique, photometry-
only inference, and the combination of the two. We find combining spectroscopic and photometric observations
can lead to improved Bayesian inference of surface inhomogeneities and offers insight into whether ultracool
atmospheres are dominated by spotted or banded features.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheres (487); Brown dwarfs (185); Late-type dwarf stars
(906); Doppler imaging (400); Direct imaging (387)

1. Introduction

Over the next decade, first-light instruments are planned to
come on-line for extremely large telescopes (ELTs), including
the Giant Magellan Telescope–Consortium Large Earth Finder
(GMT/GCLEF; Szentgyorgyi et al. 2018), the Thirty Meter
Telescope’s Multi-Objective Diffraction-limited High-Resolu-
tion Infrared Spectrograph (TMT/MODHIS; Mawet et al.
2019), and the European Southern Observatory’s (ESO) Mid-
Infrared ELT Imager and Spectrograph (ELT/METIS; Brandl
et al. 2021). Spectra collected with these instruments will have
the requisite spectral resolution and signal-to-noise ratio (S/N)
to map temperature variations and chemical inhomogeneities
created by magnetic spots and clouds in ultracool atmospheres.

Ultracool objects include very-low-mass (VLM) stars, brown
dwarfs (BDs), and directly imaged extrasolar giant planets
(EGPs). With effective temperatures 2700 K, these ultracool
atmospheres allow the formation of metal and silicate
condensates (Tsuji et al. 1996a; Jones & Tsuji 1997; Allard
et al. 2001; Helling et al. 2008; Witte et al. 2011). The hottest
ultracool objects, such as late M dwarfs and early L dwarfs,
may contain both magnetic starspots and mineral clouds,
driving optical and near-infrared (NIR) variability (Lane et al.
2007; Heinze et al. 2013; Gizis et al. 2015; Dulaimi et al.
2023). Cooler BDs and EGPs likely experience variability

driven by cloud systems and planetary banding (Reiners &
Basri 2008; Apai et al. 2013, 2017, 2021; Zhou et al. 2022).
Magnetic starspots and associated stellar activity can

influence the atmospheres and habitability of planets with
VLM stellar hosts. Although M dwarfs are more likely to host
terrestrial planets than solar-type stars (Mulders et al. 2015;
Tuomi et al. 2019; Zink et al. 2020; Sabotta et al. 2021), late-
type stars possess enhanced stellar activity and close-in
habitable zones, which could promote atmospheric escape
and hinder the development of life (Kasting et al. 1993; Scalo
et al. 2007; Zendejas et al. 2010; Kopparapu et al. 2013;
Günther et al. 2020). The orientation of high-energy events
could affect the radiation experienced by short-period planets.
Doppler imaging (Barnes et al. 2015, 2017) and TESS
photometry (Ilin et al. 2021; Martin et al. 2023) tentatively
suggest a bias toward high-latitude starspot formation and flare
eruption in M dwarfs, respectively. Follow-on observations and
a statistical study can be accomplished by future ELT
instruments.
The condensation and subsequent precipitation of atmo-

spheric mineral clouds has been proposed to explain both the
reddening of L-dwarf spectra as BDs cool across their lifetimes
and the transition starting at ∼1300 K to relatively cloud-free
and blue mid-to-late T-dwarf spectra (Tsuji et al. 1996b;
Ackerman & Marley 2001; Allard et al. 2001; Saumon &
Marley 2008). This L/T transition is associated with both the
emergence of methane absorption (Oppenheimer et al. 1995;
Noll et al. 2000) and an increase in spectral and photometric
variability (Radigan et al. 2014; Radigan 2014; Eriksson et al.
2019), potentially due to patchy clouds (Ackerman &
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Marley 2001; Marley et al. 2002, 2010) or layers with varying
temperatures and opacities (Radigan et al. 2012; Apai et al.
2013; Buenzli et al. 2014). A Doppler imaging map of Luhman
16B, an early T dwarf, supports these patchy and layered
models (Crossfield et al. 2014).

Due to their similar temperature and spectral characteristics,
field BDs have often been treated as high-surface-gravity
analogs and used as stepping stones for EGPs. Studies of
exoplanet-analog, planetary-mass objects (PMOs) such as
2MASS J2139+02 (Apai et al. 2013; Yang et al. 2016; Vos
et al. 2023), PSO J318.5−22 (Biller et al. 2015, 2018), 2MASS
1207 b (Zhou et al. 2016), VHS J1256−1257 b (henceforth
VHS 1256 b; Zhou et al. 2020b; Bowler et al. 2020; Zhou et al.
2022), and SIMP J0136+0933 (henceforth SIMP 0136;
Artigau et al. 2009; Apai et al. 2013; Yang et al. 2016; Vos
et al. 2023) have demonstrated variability to be common for
these objects. However, upcoming telescopes will directly
address EGPs’ spectral and photometric variations with
comparable S/N.

Similar to BDs, EGPs demonstrate increasingly red spectra
with evidence of extensive cloud coverage across the L class,
but for planets such as HR 8799 bcde this track appears to
continue to temperatures below ∼1300 K (Allers & Liu 2013;
Bonnefoy et al. 2014; Zurlo et al. 2016; Zhang 2020). Cooler
EGPs, such as 51 Eri b (Macintosh et al. 2015) and GJ 504 b
(Liu et al. 2016), manifest the color and J-band absolute
magnitude commensurate with T dwarfs, perhaps indicating
that the L/T transition occurs later for low-gravity planetary
objects (Biller et al. 2018).

Previously, in Plummer & Wang (2022), we developed a
unified spectroscopic and photometric analytical technique to
infer surface inhomogeneities such as magnetic starspots, cloud
systems, and atmospheric vortices in ultracool objects. In this
paper, we use that technique to estimate the ability of ELTs to
detect spots and storms in ultracool targets. We also introduce
our publicly available Python code, Imber,1 which uses the
methods detailed in Plummer & Wang (2022) to both
numerically simulate spectroscopic and photometric surface
inhomogeneities and to analytically infer such features on
astrophysical targets.

In Section 2, we describe GMT/GCLEF, TMT/MODHIS,
and ELT/METIS and demonstrate Imberʼs internal S/N
calculator. In Section 3, we describe our methods, including
how we produce simulated observations for each target, a
review of our analytical technique, and how the method is used
to generate and fit time-resolved spectroscopic and photometric

observations. We then apply our method to six targets
(TRAPPIST-1, VHS 1256 b, SIMP 0136, Beta Pic b, and
HR 8799 d and e) in Section 4 to determine the feasibility of
Doppler imaging with each instrument. We explore combining
spectroscopy and photometry to improve retrievals in
Section 5, and summarize our results in Section 6.

2. Instruments

We will provide an overview of each telescopes’ attributes
and the instruments’ scientific capabilities. We will then outline
our process for adapting the S/N calculator originally created
for the ESO ELT spectroscopic Exposure Time Calculator
(ETC) into a submodule within Imber. To demonstrate our
S/N computations’ validity, we compare Imberʼs outputs to
those obtained from the ELT spectroscopic ETC. The
instrument and telescope parameters are summarized in
Table 1.
To limit the scope of this work, we focus on first-light, high-

spectral-resolution instruments. The GMT/Near-Infrared (IR)
Spectrograph (Jaffe et al. 2016) offers reasonably high spectral
resolution (R∼ 65,000 (JHK ), 85,000 (LM)) and ideal wave-
length coverage (1.1< λ< 5.4 μm), but as the instrument
requires adaptive optics (AO) unavailable at first light, we do
not include it. Planned (and conceptual) second-generation,
high-spectral-resolution instruments such as the TMT’s Planet
System Imager (Fitzgerald et al. 2019), Mid-IR Camera, High-
Disperser and IFU Spectrograph (Packham et al. 2014),
High-Resolution Optical Spectrometer (Froning et al. 2006),
and the ELT’s Armazones High Dispersion Echelle
Spectrograph (Marconi et al. 2022) are also left to future
works. Our publicly available and open-source Python code,
Imber, will conveniently allow second-generation and beyond
instrument performance to be evaluated using the methodology
outlined in this paper.

2.1. Giant Magellan Telescope–Consortium Large Earth
Finder

The GMT is an integral component of the United States’
ELT Program (US-ELTP) with a first light expected in the mid-
2030s (Fanson et al. 2020; National Academies of Sciences,
Engineering, & Medicine 2021). Its primary mirror consists of
seven 8.4 m diameter segments with a deformable secondary
mirror comprised of seven, conjugate-paired 1.05 m diameter
mirrors (Johns 2006). GMT provides the infrared (IR)
diffraction-limited performance of a 24.5 m aperture and a
collecting area (368 m2) equivalent to a 21.9 m telescope
(Johns 2006). Notably, unlike the two larger ELTs, AO/high-

Table 1
Instrument Comparison Summary

Instrument Mode λrange R Δvavg Throughput Area Sources
(μm) (km s−1) (m2)

GMT/GCLEF PRVa 0.35–0.95a 105,000a 2.86 0.11a 368b aSzentgyorgyi et al. (2018)
bJohns (2006)

TMT/MODHIS N/A 0.95–2.4a 100,000a 3.00 0.1b 664.2c aMawet et al. (2019)
bwww.tmt.org/page/modhis
cSkidmore et al. (2015)

ELT/METIS IFUa 3.65–3.95a 100,000a 3.00 0.25b 978c aBrandl et al. (2021)
L-band Imaginga 3.475–4.105a N/A N/A 0.5b bwww.eso.org/observing/etc/

chttps://elt.eso.org/about/facts/

1 https://github.com/mkplummer/Imber
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contrast imaging (HCI) are not scheduled to be implemented at
GMT’s first light (McCarthy et al. 2016; Mawet et al. 2019;
Brandl et al. 2021).

GMT/GCLEF is a visible-light Echelle spectrograph and
first-light instrument for the telescope (Szentgyorgyi et al.
2018). Operating in its precision radial velocity (PRV) mode,
GMT/GCLEF has a top spectral resolution of 105,000
(corresponding to an average velocity per resolution element of
Δvavg= 2.86 km s−1). The instrument has a peak throughput of
11% and possesses both blue (350–540 nm) and red (540–900
nm) spectral channels (Szentgyorgyi et al. 2018). Due to the
relatively cool effective temperatures of the targets considered
in this paper, we will only be using the GMT/GCLEF red
channel for our analysis.

GMT will be built at the Las Campanas Observatory (LCO;
Thomas-Osip et al. 2008). Due to lack of publicly available sky
emission and transmission models for the GMT site, for this
paper we will approximate the LCO sky model with ESO’s
SkyCalc tool evaluated using the Cerro Paranal Advanced Sky
Model (Noll et al. 2012; Jones et al. 2013). We assume an
airmass of 1.5, precipitable water vapor (PWV) of 2.5 mm, and
include scattered starlight, zodiacal light, upper and lower
atmospheric emission, and airglow in the radiance model.

2.2. Thirty Meter Telescope Multi-Objective Diffraction-limited
High-Resolution Infrared Spectrograph

The TMT is also part of the US-ELTP, and, similar to GMT,
has an expected first light in the mid-2030s (National
Academies of Sciences, Engineering, & Medicine 2021).
TMT will be the only ELT located in the Northern Hemisphere
(National Academies of Sciences, Engineering, &
Medicine 2021). The TMT has a diameter of 30 m with a total
collecting area of 664.2 m2 (Skidmore et al. 2015). The
telescope is capable of observing in wavelengths ranging from
0.31 to 28 μm (Skidmore et al. 2015).
TMT/MODHIS is a diffraction-limited, high-resolution

spectrograph (R∼ 100,000, Δvavg= 3.00 km s−1; Mawet
et al. 2019). With simultaneous NIR wavelength coverage
ranging from 0.95 to 2.4 μm (Mawet et al. 2019), the instrument
has an estimated throughput of ∼10%.2

The building site for TMT has yet to be determined, but the
two final contenders are Maunakea, Hawaii and the Observa-
torio del Roque de Los Muchachos (ORM) in La Palma,
Canary Islands, Spain.3 For the purposes of this paper, we will
utilize the publicly available sky emission and transmission
tables for Maunakea (Lord 1992; Maihara et al. 1993), but our
code will allow a simple change to accommodate the potential
ORM site. These models use an atmospheric temperature of
273 K, and we assume an airmass of 1.5 and PWV of 1.0 mm
for both the emission and transmission models.

2.3. European Southern Observatory Mid-Infrared ELT Imager
and Spectrograph

The European ELT (E-ELT), designed and operated by ESO,
expects first light in 2028.4 E-ELT will have a diameter of 39 m
and is comprised of 798 segments.5 With a 978 m2 collecting

area, at the time of its completion it will be the largest optical
and IR telescope in the world.6

ELT/METIS is capable of high-resolution spectroscopy
(R ∼ 100,000, Δvavg= 3.00 km s−1) and HCI with corona-
graphy in the NIR and mid-IR regions (3 to 13 μm; Brandl
et al. 2021). For Doppler imaging, we are interested in its
integral field unit (IFU) spectroscopy modes in the L and M
bands, which can also be combined with coronagraphy. We
will use the extended-wavelength option, which covers 300 nm
(Brandl et al. 2021), to increase the effectiveness of spectral
deconvolution (discussed with more detail in Section 3).
ELT/METIS also contains an imager with both continuum

and spectral-feature modes (Brandl et al. 2021). Notably,
ELT/METIS is capable of switching between spectroscopic
and imaging modes within seconds, allowing for near-
simultaneous, multimodal observations (B. Brandl, private
communication).
E-ELT will be built at Cerro Armazones in Chile’s Atacama

Desert. For our sky emission and transmission models, we
again use the ESO SkyCalc Tool (Noll et al. 2012; Jones et al.
2013) and select the high-altitude location to best approximate
Cerro Armazones. We make the same airmass, PWV, and
radiance model assumptions as described for GMT/GCLEF.

2.4. Instrument Signal-to-noise Ratio Computation

Computing the three instruments’ S/Ns for each target
described in Section 4 is key to generating accurate simulated
spectra, line profiles (LPs), and light curves. In this paper, we
adopt the methodology used in the ESO ELT spectroscopic and
imaging ETCs, which use the following formula (modified here
to account for host starlight suppression):7

( )=
+ + + +

n N

N CN N N r N dT
S N , 1

exp obj

obj host sky pix
2

pix

/

where nexp is the number of exposures and Nobj is the number
of electrons measured from the target. For targets requiring
HCI, C is the starlight suppression level and Nhost is the number
of electrons from the host star. Nsky is the number of electrons
detected from the background sky, Npix is the number of
detector pixels for which the observed light is distributed, r is
readout noise, d is detector dark current, and T is exposure
time. The exposure time and quantity is set by the observer
while readout noise and dark current depend on the detector
used in the instrument. Npix is also instrument dependent, while
Nsky is computed using the sky emission and transmission
tables in tandem with the instrument’s S/N reference area, the
angular extent of the sky for which photons are collected.8

Calculating Nobj requires the target’s apparent magnitude and
template (synthetic) spectrum as well as the observing
instrument’s wavelength band, collecting area, throughput/
efficiency, and effective diameter. The apparent magnitude
determines how much flux from the target is available in a
particular photometric band. The template spectrum is then
scaled to the photometric flux to produce the mocked
observation flux. This flux, along with the collecting area,
throughput, and efficiency determine the number of photons

2 www.tmt.org/page/modhis
3 www.tmt.org/page/site
4 https://elt.eso.org/about/timeline/
5 https://elt.eso.org/mirror

6 www.eso.org/public/archives/annualreports/pdf/ar_2021.pdf
7 www.eso.org/observing/etc/
8 www.eso.org/observing/etc/doc/elt/etc_spec_model.pdf
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available to the instrument detector that can be converted to
electrons.

To confirm Imberʼs internal S/N calculator matches the
ELT spectroscopic ETC, we directly compare their results for
the same input in Figure 1. We input a 1500 K blackbody
spectra with a J-band apparent magnitude of 15 along with an
exposure time of 300 s. We output the spectral S/N in the L
band to demonstrate Imberʼs ability to scale instrument flux
based on the input apparent magnitude’s band and also to
confirm this ability near the spectral range of an instrument
such as ELT/METIS. Imberʼs computed S/N closely
matches the values calculated by ESO’s ELT spectroscopic
ETC, with small deviations primarily due to differences in sky
transmission and emission models.

3. Methods

Using Imber, we predict the selected ELT instrument’s
ability to Doppler image ultracool targets. We begin by
simulating observed LPs for each astronomical target; these
observations are then fit via the analytical model described in
Plummer & Wang (2022). As discussed in Plummer & Wang
(2022) in greater detail, Imber can also be used to create light
curves and infer surface inhomogeneities based solely on
photometric data or in combination with spectroscopic data to
provide a unified solution.

3.1. Simulating Observations

To provide simulated spectroscopic observations, we imple-
ment a numerical simulation for each astrophysical target. The
target’s gridded (250 latitude by 500 longitude) photosphere is
first simulated using an appropriate limb-darkening effect to
create a baseline flux map, which is the basis for the rotational

broadening kernel (BK). For this paper, we select a linear limb-
darkening law to lower computational costs based on Plummer
& Wangʼs (2022) findings that rotational BKs created with
linear and Claret coefficients agree within 2%.
Surface inhomogeneities are included via 2D Gaussian spots

with positive (bright spots) or negative (dark spots) fluxes to
create a time-varying spot map. In both numerical and
analytical models, contrast can vary from twice the background
brightness (contrast=−1) to a perfectly dark surface
(contrast=+1). These 2D Gaussian spots are projected onto
the orthographic view of the target (see Figure 2) from the
observer’s perspective via the Euler–Rodrigues formula
(Shuster 1993), discussed in finer detail in Plummer & Wang
(2022). After this coordinate transformation, summing the flux
from each longitudinal column and interpolating onto the
desired number of LP elements creates a BK incorporating both
rotational broadening and spotted features.
With rapidly rotating objects, rotation is the dominant

broadening mechanism. However, for slow rotators such as
TRAPPIST-1, instrument, thermal, pressure, and natural
broadening as well as microturbulence and macroturbulence
can induce nonnegligible line broadening. To address this, for
our template we adopt BT-Settl (Allard et al. 2012) spectral
models for VLM stars and BDs (further discussed in
Section 4.1), which use the PHOENIX stellar atmosphere code
(Hauschildt 1992, 1993; Allard & Hauschildt 1995; Hauschildt
et al. 1995; Hauschildt & Baron 1995; Baron et al. 1996;
Hauschildt et al. 1996, 1997). This lineage of stellar models
accounts for thermal broadening, pressure broadening, natural
broadening, and microturbulence (Schweitzer et al. 1996). For
instrument broadening, we assume a normalized Gaussian
profile with a FWHM equal to the central wavelength divided
by the resolving power of the spectrograph.

Figure 1. Spectral S/N comparison between ESO’s ELT spectroscopic ETC and Imber using the same methodology. For comparison, a 1500 K object with an
apparent J magnitude of 15 was used with a 300 s exposure. The spectral S/N were output in the L band to demonstrate Imberʼs ability to scale apparent magnitudes
based on input spectra and to demonstrate performance in a similar band as ELT/METIS. Vertical axis is logarithmic.
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The rotational and instrument BKs are convolved with the
astronomical target’s BT-Settl model to create a noiseless
synthetic spectrum. Figure 3 demonstrates the process of
broadening template, synthetic spectra (BT-Settl) to model real-
world spectroscopic observations. Fourteen NIR spectroscopic
observations of Luhman 16B (originally published by Cross-
field et al. 2014 and reprocessed in Luger et al. 2021) are
overplotted by an appropriate BT-Settl model (T= 1450 K, log
(g)= 5.0) both before and after rotational and instrument
broadening. Similar results to those two works are achieved
and shown.

It is at this stage that Gaussian noise is added to the spectrum
to account for the simulated observation’s S/N. As described in
Section 2.4, the S/N depends on the selected target, instrument,
and atmospheric conditions. In Imber, the S/N is computed at
each wavelength, and the noise level is sampled at each epoch
of observation to provide spectrally and temporally varying
noise. At this point, we have a complete set of simulated
spectra for mocked observations.

Adopting a realistic procedure, we use least-squares
deconvolution (LSD), initially introduced by Donati et al.
(1997) and refined by Kochukhov et al. (2010), to compute LPs
for the simulated observed spectra. We use the following
implementation of the technique as demonstrated in prior
works (Wang et al. 2017, 2018a; Pai Asnodkar et al. 2022;
Plummer & Wang 2022):

( ) ( · ) · · ( )u = + L -Z M M R M Y , 2i
T T1 0

where Z(υ) is the LP and υi is the radial velocity corresponding
to each element. M is a line mask Toeplitz matrix computed
using a template spectrum as described in Donati et al. (1997).
ΛR are the scalar regularization parameter and regularization

Toeplitz matrix, which dampen noise amplification associated
with LSD (Kochukhov et al. 2010; Donatelli & Reichel 2014).

3.2. Analytical Model

Imber analytically models the astronomical target as an
instrumentally and rotationally broadened LP with scaled 1D
Gaussian perturbations corresponding to surface inhomogene-
ities either adding or subtracting flux from the background
profile. The residuals of this analytical model and the LSD-
computed observed LP can be used to implement Bayesian
inference on the spot parameters: latitude(s), longitude(s),
radius(i), and contrast.
Bayesian retrieval with this technique will identify the most

prominent surface features for the set number of spots.
Typically, during analysis the number of spots is increased
until the logarithmic evidence plateaus. Depending on the
target’s geometry and the data quality, degeneracies will begin
to manifest as the number of spots retrieved increases. Gaussian
priors can be implemented to break degeneracies but should be
used with caution. For this reason, the computationally
economical method summarized here and described in detail
within Plummer & Wang (2022) should be thought to
complement numerical cell-by-cell Doppler imaging with
smoothing via maximum-entropy methods (Vogt et al. 1987)
or Tikhonov regularization (Piskunov et al. 1990).
When applying this technique to real-world data, it may be

necessary to account for additional broadening processes such
as microturbulence or Doppler broadening (Gray et al. 2006).
For these mechanisms, a convolution with an additional
Gaussian BK whose width is determined either through
Bayesian analysis or least-squares methods has been demon-
strated to produce a reasonable fit (Plummer & Wang 2022).

3.3. Photometric Light Curves and Analytical Fit

As presented in Plummer & Wang (2022), Imber can also
be used to both generate and fit photometric light curves. For
the numerical simulation, the sum of the background photo-
sphere flux is used to normalize to unity. That is, an unspotted
surface will have a flux of 1. Bright spots add flux while dark
spots subtract flux from the photometric curve. The analytical
model works very similarly. The instrumental and rotational
BK is used to normalize to unity such that the 1D Gaussian
spots will either add or subtract from the light-curve flux. In
this manner, Imber can both simulate observed light curves
and fit those light curves with an analytical model, with similar
caveats as the spectroscopic method with regards to
degeneracies.

4. Application to Astronomical Targets

We will now apply our technique to six representative
astronomical targets including TRAPPIST-1, VHS 1256 b,
SIMP 0136, Beta Pic b, and HR 8799 d and e. A summary of
each target’s parameters pertinent to Doppler imaging are
included in Table 2. Each target’s apparent magnitudes,
organized by photometric bands corresponding to instrument
wavelength range, are summarized in Table 3. Because I-band
magnitudes were not available for VHS 1256 b and SIMP
0136, we display the scaled I-band magnitude computed by
Imber based on observed J-band magnitudes, their effective
temperatures, and BT-Settl spectral models. The average
computed S/Ns across each instrument’s wavelength band

Figure 2. Orthographic view of example target (i = 50°) over a full rotation
with phases of 0.0, 0.25, 0.5, and 0.75. Both a dark spot (latitude = 15°,
radius = 30°, and contrast = 0.3) and bright spot (latitude = 60°, radius = 25°,
and contrast = −0.2) are added to the surface. Flux field shown as
implemented by Imber to numerically generate simulated spectra, LPs, and
photometric light curves.
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are summarized numerically in Table 3 and graphically in
Figure 4. Retrieved spot parameter uncertainties are shown in
Figure 4.

4.1. Test Setup

We will test each instrument’s (GMT/GCLEF, TMT/
MODHIS, and ELT/METIS) ability to infer spot location
and radius for a 1-Spot scenario. TMT/MODHIS and ELT/
METIS will be applied to all six targets. Due to GMT/
GCLEF’s lack of first-light AO/HCI, it will not be applied to
the companion EGPs (Beta Pic b and HR 8799 d and e). For
both TMT/MODHIS and ELT/METIS, we conservatively
assume 10−4 host star flux suppression, in agreement with
estimates from the instrument literature (Mawet et al. 2019;
Brandl et al. 2021).

Integrated exposure times (see Table 3) for each target are
computed by dividing the object’s period (see Table 2) by the
number of samples. For our initial test, we adopt 15 samples,
similar to Crossfield et al. (2014). A higher number of samples
will improve temporal resolution at the cost of lower S/N,
while the reverse is also true. These integrated exposure times
are notional for objects with longer periods, as continuous
viewing would not be feasible for periods 10 hr.

Given the observed multirotational light-curve evolution
seen in ultracool dwarfs (Buenzli et al. 2015a, 2015b; Zhou
et al. 2020b, 2022), the temporal resolution may fail to capture
the complete dynamic nature of spot parameters for slower
rotators such as TRAPPIST-1 and VHS 1256 b. For this reason,
dynamic spots with rotationally evolving size and contrast have
been implemented in the Imber code and are planned to be the
focus of a future work but are not included here to limit our
scope.
As mentioned in Section 3.1, with all targets we adopt BT-

Settl model spectra as described in Allard et al. (2012). These
high-resolution template spectra include H2O, CH4, NH3, and
CO2 opacity line lists, and revised solar oxygen abundances; in
addition, they include cloud modeling, which allows the code
to be applied to astrophysical objects with effective tempera-
tures ranging from 400 to 70,000 K and a ( )glog of −0.5 to 5.5
(Allard et al. 2012). These ranges match well with our intended
ultracool targets.
For a fair comparison, we enforce the same input truth

parameters (latitude= 30°, longitude= 30°, radius= 30°, and
contrast=+0.25) across all targets. While the assumed values
may not be representative for TRAPPIST-1ʼs surface features
(which are currently unknown), the values are typical for other

Figure 3. Demonstration of the rotational and instrument broadening (cyan) of a BT-Settl (Allard et al. 2012) model (gray) to fit real-world, Luhman 16B spectra (red).
Luhman 16B observations were originally published by Crossfield et al. (2014) and reprocessed by Luger et al. (2021). Rotational BK assumes u = -isin 26.1 km s 1

as per Crossfield et al. (2014).
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ultracool dwarfs in the literature. A radius of 30° agrees with
inferred values for an equatorial dark spot on Luhman 16B
from both Crossfield et al. (2014) and Plummer & Wang
(2022). A contrast of +0.25 is consistent with spotted models
fitting photometry for Luhman 16B (Karalidi et al. 2016;
Plummer & Wang 2022) and VHS 1256 b (Zhou et al. 2022).
For Bayesian inference, we employ dynamic nested

sampling (Skilling 2004, 2006; Higson et al. 2019) via the
publicly available Python module Dynesty (Speagle 2020).
For both spectroscopic and photometric Bayesian retrievals, we
adopt uniform priors. Spot latitude and longitude distributions
are 0° ± 90° and 0° ± 180°, respectively. Radii distributions
are uniform, with lower and upper bounds of 5° and 55°. For
our instrument comparison, the contrast will be fixed at +0.25
(indicating a spot 25% darker than the background surface), but
contrast as a free parameter is further explored in Section 5.

4.2. Application to TRAPPIST-1

4.2.1. TRAPPIST-1 Background

TRAPPIST-1 is a late M dwarf, hosting at least seven rocky
exoplanets (Gillon et al. 2016, 2017), located 12.47± 0.01 pc
(Gaia Collaboration et al. 2021) from our solar system. With a
spectral type of M8V (Costa et al. 2006), TRAPPIST-1 has an
effective temperature of Teff= 2566± 26 K and a surface
gravity of ( ) = -

+glog 5.2396 0.0073
0.0056 (Agol et al. 2021). Life

would likely have had sufficient time to develop on the star’s
planets due to the system’s estimated age of over 7 Gyr
(Burgasser & Mamajek 2017), although this value is not
without controversy as the star possesses conflicting spectral
features and kinematics associated with both young stars and

older, field main-sequence dwarfs, respectively (Gonzales
et al. 2019).
Our interest in TRAPPIST-1 lies in its status as both a

planetary host and an ultracool dwarf. Potentially three or four
of the TRAPPIST-1 exoplanets lie within the star system’s
habitable zone (O’Malley-James & Kaltenegger 2017; Wilson
et al. 2021), making it an exciting target for the search of
extraterrestrial life. However, like many late M dwarfs,
TRAPPIST-1 appears to be active, exhibiting solar flares (Vida
et al. 2017; Paudel et al. 2018) as well as Hα (correlated with
chromospheric activity; Reiners & Basri 2010) and X-ray and
ultraviolet emissions (Wheatley et al. 2017). Starspots have
been inferred in TRAPPIST-1ʼs photosphere by several studies
using K2 data (Luger et al. 2017; Morris et al. 2018). Bright
spots appear to be correlated with flaring events (Morris et al.
2018), likely impacting the system’s habitability and planetary
atmospheric escape.

4.2.2. TRAPPIST-1 Setup and Results

As with TRAPPIST-1ʼs age, until recently the star’s
rotational period also appeared to be unsettled in the literature.
Reiners & Basri (2010) measured a u isin of 6± 2 km s−1,
which aligned with the rotational period measurement of ∼1.4
days from Gillon et al. (2016). However, photometric
measurements using K2 and Spitzer data supported a rotational
period of ∼3.3 days, corresponding to a u isin of ∼1.8 km s−1

(Luger et al. 2017; Vida et al. 2017). The discrepancy was
thought to be due to photometric observations recording the
characteristic timescale of stellar activity versus the true
rotational period (Roettenbacher & Kane 2017; Morris et al.
2018). Recent measurements from the extreme-precision radial-

Table 2
Astronomical Target Parameters

Name Teff log(g) Inclination P i u isin Sources
(SpT) (K) (log(cm s−2)) Posteriora (hr) (deg) (km s−1)

TRAPPIST-1 2566 ± 26b -
+5.2396 0.0073
0.0056b ∼79c,d ∼90e 2.1 ± 0.3e aCosta et al. (2006)

(M8Va) bAgol et al. (2021)
cLuger et al. (2017)
dVida et al. (2017)
eBrady et al. (2023)

VHS 1256 b ∼1200b ∼4.5b 22.04 ± 0.05c -
+54 39
33

-
+13.5 4.1
3.6d aGauza et al. (2015)

(L7a) bMiles et al. (2023)
eZhou et al. (2020b)
dBryan et al. (2018)

SIMP 0136 1150 ± 70b 4.5 ± 0.4b 2.425 ± 0.003c -
+80 12
10d

-
+52.8 1.1
1.0d aArtigau et al. (2006)

(T2.5a) bVos et al. (2023)
cArtigau et al. (2009)
dVos et al. (2017)

Beta Pic b 1724±15a 4.18 ± 0.01a 8.1 ± 1.0b -
+57 24
18 25.0 ± 0.3b aChilcote et al. (2017)

bSnellen et al. (2014)
cBryan et al. (2020)

HR 8799 d -
+1558.8 81.4
50.9a

-
+5.1 0.4
0.3a Aligned -

+6.0 1.5
2.5a

-
+24 13
14

-
+10.1 2.7
2.8a aWang et al. (2021)

Random -
+12.0 4.4
5.3

-
+51.0 29
42

HR 8799 e -
+1345.6 53.3
57.0a

-
+3.7 0.1
0.3a Aligned -

+4.1 0.8
1.1a 24 ± 9 -

+15.0 2.6
2.3a aWang et al. (2021)

Random -
+8.4 3.0
2.3

-
+56 22
40

Note.
a Two inclination prior scenarios are explored in Wang et al. (2021): (1) “Aligned,” in which inclination priors are drawn based on the assumption that planetary spin
inclination is aligned with orbital inclination; (2) “Random,” in which inclination priors are drawn from a uniform distribution.
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velocity spectrograph MAROON-X suggest u isin and period
values of 2.1± 0.3 km s−1 and 3.3 days (Brady et al. 2023).
Due to TRAPPIST-1ʼs assumed edge-on inclination

(i∼ 90°), spot degeneracies are naturally created in the
northern and southern hemispheres with respect to inferred
latitude. Because the star’s exact inclination is unknown, we
will assume an inclination of 85° to provide a notional value to
compute theoretical results.

Despite more than sufficient S/N, with TRAPPIST-1ʼs
u isin of 2.1 km s−1 and the three instruments’ spectral
resolutions of R∼ 100,000, Imber is unable to sufficiently
resolve deviations to the rotationally broadened LP to the
degree required to successfully infer all spot parameters within
1σ. Although the retrieved longitude and radius were reason-
ably accurate, latitude retrievals possessed biases 30°.
Increasing the temporal resolution from 15 to 100 samples,
per Kochukhov (2016), resulted in minor to negligible
improvements to the retrieved solution.

To determine the source of the retrieved latitude inaccura-
cies, we explored varying TRAPPIST-1ʼs stellar parameters.
Decreasing the inclination to 45° and 60° improves the
solution, but not enough to be within 1σ, with retrieved biases
of ∼5° and 10°, respectively. This result matches the Doppler
imaging technique introduced in Hébrard et al. (2016) in which
the injection-retrieval appears to have a retrieved a bias of
∼10° for spots on a simulated target with i= 60° and
u = -isin 1 km s 1. However, by increasing u isin , it was
determined that a u ~ -isin 7 km s 1 resulted in a successful
retrieval, with further improvement seen at higher u isin
values. Surveying NASA’s Exoplanet Archive,9 there are
not currently any ultracool dwarfs with measured
u -isin 3 km s 1 hosting confirmed exoplanets.

Provided polarimetric observations are available, Zeeman
Doppler imaging (ZDI) offers the ability to map stellar
magnetic structure, including starspots, for slower rotators.
Such maps have been created for low u isin (∼1 to 4 km s−1)
targets including Sun-like stars (Petit et al. 2008) and early M
dwarfs (Hébrard et al. 2016). ZDI might only be effective for
the hottest ultracool objects as the enhanced magnetic activity
associated with starspots has not yet been detected in objects
cooler than L5 dwarfs (Paudel et al. 2018, 2020). In the future,
we intend to extend our method to include deviations to
polarized spectral LPs.

4.3. Application to VHS 1256 b

4.3.1. VHS 1256 b Background

VHS 1256 b is a PMO with mass <20MJ near the L/T
transition (L7 ± 1.5) discovered and initially characterized by
Gauza et al. (2015). The ultracool dwarf orbits a binary M
dwarf system at a distance of 179± 9 au (Dupuy et al. 2020).
Notably, VHS 1256 b is a JWST Early Release Science (ERS)
target. As part of ERS, Miles et al. (2023) presented the
highest-fidelity spectrum of the object to date, with wavelength
coverage ranging from 1 to 20 μm. In addition to identifying
volatiles (H2O, CH4, CO, and CO2) and alkali metals (Na and
K) in VHS 1256 b’s atmosphere, Miles et al. (2023) found
strong spectral evidence for chemical disequilibrium, likely
caused by vertical mixing, and achieved the first detection of
silicate clouds in a planetary-mass companion.
Beyond chemical disequilibrium, atmospheric circulation is

also suspected in VHS 1256 b due to its status as the most
variable substellar object observed to date (Miles et al. 2023).
Bowler et al. (2010, 2020) observed ∼20% NIR spectroscopic
variability using the Hubble Space Telescope’s Wide Field
Camera 3 (HST/WFC3). Follow-on studies using Spitzerʼs

Table 3
Apparent Magnitudes, Integration Times, and S/Ns

Name GMT/GCLEF TMT/MODHIS ELT/METIS Integration Time Sources
(I) (H) ( ¢W L1 ) (Aligned/Random)

TRAPPIST-1 14.024 ± 0.115a 10.718 ± 0.021b 10.067 ± 0.024c 5.28 h aCosta et al. (2006)
(W1) bCutri et al. (2003)

cWright et al. (2010)
S/N(avg) 229 1910 1640

VHS 1256 b ∼20.0 15.595 ± 0.209a 13.6 ± 0.5a 1.46 h aGauza et al. (2015)
(computed) (W1)

S/N(avg) 7.39 97.7 53.5

SIMP 0136 ∼16.6 12.809 ± 0.002a 11.94 ± 0.02b 9.65 m aLawrence et al. (2012)
(computed) (W1) bCutri et al. (2014)

S/N(avg) 13.1 118 79.0

Beta Pic b N/A 13.32 ± 0.14a 11.24 ± 0.08a 32.4 m aCurrie et al. (2013)
(L-band)

S/N(avg) N/A 119 107

HR 8799 d N/A 17.29 ± 0.28a 14.59 ± 0.17b 24/48 m aSkemer et al. (2012)
(L-band) bCurrie et al. (2014)

S/N(avg) N/A 8.13/11.6 4.33/6.14
(Aligned/Random)

HR 8799 e N/A 16.94 ± 0.28a 14.57 ± 0.23b 16.4/33.6 m aSkemer et al. (2012)
(L-band) bCurrie et al. (2014)

S/N(avg) N/A 9.48/13.7 5.77/8.30
(Aligned/Random)

9 https://exoplanetarchive.ipac.caltech.edu/index.html
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Infrared Array Camera’s Channel 2 centered at 4.5 μm (Zhou
et al. 2020b) and the HST J band (Zhou et al. 2022) detected
variability of 5.76%± 0.04% and up to 38%, respectively. As
discussed in Zhou et al. (2020b), substellar models (Marley
et al. 2010; Morley et al. 2014) predict variability to be larger at
shorter wavelengths and deeper atmospheric levels than at
longer wavelengths corresponding to molecular bands.

4.3.2. VHS 1256 b Setup and Results

Studies have inferred a range of temperatures for VHS 1256
b from 1000 to 1380 K (Zhou et al. 2020a; Hoch et al. 2022;
Dupuy et al. 2023; Miles et al. 2023; Petrus et al. 2023). For the
BT-Settl template, we use an effective temperature of 1200 K
as a compromise and ( ) =glog 4.5 from Miles et al. (2023). In
terms of rotation, we adopt a period of 22.04± 0.05 hr (Zhou
et al. 2020b) and u = -

+ -isin 13.5 km s4.1
3.6 1 from Bryan et al.

(2018). Using this value, along with the inferred equatorial
speed, = -

+ -v 16.6 km seq 7.0
5.8 1 from Bryan et al. 2020, we

compute an inclination of 54°

-

+
39
33 by assuming the following

expression:

( )u
u

= -i
i

sin
sin

. 3
r

1
⎜ ⎟
⎛
⎝

⎞
⎠

We apply the same method for targets with unpublished
inclinations such as Beta Pic b and the HR 8799 planets.

To demonstrate the process used for each target, VHS 1256
b will be used as an example. Figure 5 is a corner plot showing
the posterior distributions for the spot latitude, longitude, and
radius for mocked observations using ELT/METIS. For each

parameter, the input value is within the 68% credible range.
Using the solution with the greatest likelihood, we generate
LPs to compare the inferred analytical model to the the
synthetic LP deviations created with our numerical simulation.
The results can be seen in Figure 6 with our simulated
observation, inferred model (reduced χ2= 0.844), and
residuals.
The residuals in Figure 6 appear to approximate Gaussian

white noise. To confirm this, we plot the residual distribution in
Figure 7. The residuals approach a Gaussian distribution with a
fit producing an approximately zero mean and a standard
deviation (σ= 0.00224) corresponding to a LP S/N ∼450, a
factor of 8 gain over the mean spectra S/N (∼55). Due to its
broader wavelength coverage, TMT/MODHIS shows an even
more significant gain (factor of 16) between mean spectral and
LP S/N (∼100 to ∼1600, respectively). The S/N gain scales
with the square root of the number of deep absorption lines
(which can be estimated by the wavelength coverage).
Expectations are met as the gain for TMT/MODHIS
(Δλ= 1450 nm) is approximately twice that of ELT/METIS
(Δλ= 300 nm).
TMT/MODHIS and ELT/METIS provide an order of

magnitude greater mean spectra S/N than GMT/GCLEF, as
is expected based on each telescopes’ relative aperture size and
wavelength coverage with regard to predominantly IR targets.
The corresponding retrieved latitude, longitude, and radius
uncertainties can be seen in Figure 4. TMT/MODHIS provides
improved S/N over ELT/METIS (∼100 versus ∼55), likely
due to the enhanced thermal background in ELT/METIS’s L

Figure 4. Computed S/Ns and retrieved latitude, longitude, and radius uncertainties (1σ) for each target. Each case assumes a 1-Spot model with latitude = 30°,
longitude = 30°, radius = 30°, and a fixed contrast of +0.25, corresponding to a dark spot. For HR 8799 d and e, the lighter color bars denote retrievals run assuming
inclinations aligned with the planets’ orbital axes; darker bars denote inclinations derived from random uniform priors. All vertical axes are logarithmic. Retrievals
conducted using Imber for numerical simulated observations and analytical model. Dynesty is used for dynamic nested sampling.
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band, but this only results in a small difference in resulting
uncertainties.

For TMT/MODHIS and ELT/METIS, latitude uncertainties
are approximately 2 to 10 times higher than longitude and
radius uncertainties. Difficulties with inferring latitude (versus
longitude, size, or contrast) via Doppler imaging have been
documented (Khokhlova 1985; Khokhlova et al. 1986; Vogt
et al. 1987), and stems from the more subtle LP deviations that
need to be resolved to precisely infer spot latitude.

4.4. Application to SIMP 0136

4.4.1. SIMP 0136 Background

Similar to VHS 1256 b, SIMP 0136 (T2±0.5; Artigau et al.
2006) is an ultracool object at the L/T transition with a mass

(12.7 ± 1.0MJ; Gagné et al. 2017) near the deuterium-burning
mass limit. First discovered by Artigau et al. (2006), SIMP
0136 was previously considered to be a higher-mass BD, but
due to its likely (>99.9%) membership in the Carina-Near
moving group (Gagné et al. 2017) and corresponding age
(200± 50Myr; Zuckerman et al. 2006), its mass appears to be
that of a PMO (sometimes denoted as a rogue planet).
Significant J-band photometric variability has been detected

for SIMP 0136. Artigau et al. (2009) first detected a peak-to-
peak amplitude variability of 8% with a rotational period of
∼2.4 hr. Follow-up observations by Radigan et al. (2014) saw
smaller amplitudes of 2.9% but did not capture a full period.
Croll et al. (2016) performed observations over 15 nights and
found variability to evolve from <1% to >6% on timescales of
one to 10 rotational periods. More recent observations by

Figure 5. VHS 1256 b example Bayesian retrieval of 1-Spot scenario with ELT/METIS via dynamic nested sampling. The mean inferred values along with 1σ
quantiles are displayed on the top of each column. Contours denote 0.5, 1, 1.5, and 2σ regions. Truth values are shown by the red line. Plot created with Dynesty
(Speagle 2020).

10

The Astrophysical Journal, 951:101 (18pp), 2023 July 10 Plummer & Wang



Eriksson et al. (2019) confirmed strong variability. A two-layer
model comprised of a cold, upper layer and hot, deeper level
has been proposed (Apai et al. 2013) and demonstrated (Yang
et al. 2016) to explain SIMP 0136ʼs variability. Recently, Vos
et al. (2023) found that observations best match overlying,
patchy forsterite clouds and a deeper, thick iron cloud deck.

4.4.2. SIMP 0136 Setup and Results

Astronomical parameters (see Table 2) for SIMP 0136
necessary for selecting a BT-Settl spectral model (Teff, ( )glog )
and relevant to Doppler imaging (u isin , i) are explored in
Gagné et al. (2017) and Vos et al. (2017, 2023). For effective
temperature and surface gravity, we adopt the latest estimates
from Vos et al. (2023): Teff= 1150± 70 K and ( )=glog

4.5 0.4. Gagné et al. (2017) constrains the
u =  -isin 50.9 0.8 km s 1 and inclination, i= 55.9° ± 0.8°.
Vos et al. (2017) finds a similar u isin (52.8-

+ -km s1.1
1.0 1 ), but a

higher inclination (80°

-

+
12
10 ). We adopt the Vos et al. (2017)

values due to the more conservative (for Doppler imaging)
inclination. SIMP 0136 has a measured rotational period of
2.425± 0.05 hr (Artigau et al. 2009).

The S/N and retrieved parameter uncertainties for SIMP
0136 are qualitatively alike to VHS 1256 b, with the exception
of latitude uncertainty. The retrieved latitude uncertainty for
SIMP 0136 is approximately twice that of VHS 1256, a result
likely due to SIMP 0136ʼs near edge-on inclination and the
degeneracies created by this geometry. A similar but lesser

effect is seen in SIMP 0136ʼs retrieved radius when compared
to the VHS 1256 b results. Small improvements to SIMP
0136ʼs longitude (not affected by high inclination) are due to
its higher S/N.

4.5. Application to Beta Pic b

4.5.1. Beta Pic b Results

Beta Pic is a 24± 3Myr (Bell et al. 2015) star system
located relatively close to our own solar system at
19.44± 0.05 pc in the aptly named Beta Pic moving group
(van Leeuwen 2007). It is host to Beta Pic b, a directly imaged
EGP with favorable contrast to its host star due to its youth and
large, though disputed, mass (∼10 to 15MJ; Lagrange et al.
2010, 2012; Bonnefoy et al. 2013, 2014; Morzinski et al. 2015;
Chilcote et al. 2017; Snellen & Brown 2018; Dupuy et al.
2019; Kervella et al. 2019; GRAVITY Collaboration et al.
2020; Lagrange et al. 2020; Vandal et al. 2020; Brandl et al.
2021). Notionally identified in Lagrange et al. (2009) and then
confirmed by Lagrange et al. (2010), Beta Pic b orbits its host
star with a semimajor axis of 9.8± 0.4 au (Lagrange
et al. 2020).

4.5.2. Beta Pic b Setup and Results

For our spectral template, we reference the effective
temperature and surface gravity inferred by Chilcote et al.
(2017; Teff= 1724± 15 K, ( ) = glog 4.18 0.01) and

Figure 6. VHS 1256 b LP deviations. Left: deviations from simulated ELT/METIS observations. Middle: modeled deviations (reduced χ2 = 0.844) for inferred dark
spot. Right: residuals computed by subtracting modeled LP deviations from observed LP deviations.
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GRAVITY Collaboration et al. (2020; Teff= 1742± 10 K,
( ) = -

+log g 4.34 0.09
0.08) to select a BT-Settl model with Teff= 1700

K and ( ) =glog 4.0. Beta Pic b has an observed period of
8.1± 1.0 hr and u isin of 25.0± 3.0 km s−1 (Snellen et al.
2014). Similar to how we proceeded for VHS 1256 b, we can
use Beta Pic b’s rotational velocity, -

+ -29.7 km s8.8
6.1 1 (Bryan

et al. 2020) and u isin to compute its inclination, 57° ◦
◦

-
+
24
18 .

For a directly imaged EGP, Beta Pic b is relatively bright,
which is reflected in its larger S/N and smaller retrieved
parameter uncertainties than the more massive L/T transition
ultracool objects (VHS 1256 b and SIMP 0136). As mentioned
above, we conservatively assume both TMT/MODHIS and
ELT/METIS suppress starlight with a contrast of 10−4. Actual
contrast values are likely to be improved in the final instrument
design; however, starlight contamination above these levels
would degrade the predicted performance.

4.6. Application to HR 8799 d and e

4.6.1. HR 8799 d and e Background

HR 8799 is a young star system with an estimated age of
-
+30 Myr10
20 (Doyon et al. 2010; Zuckerman et al. 2011) derived

from its likely membership within the Columba association
moving group. HR 8799 hosts at least four EGPs (Marois et al.
2008, 2010), inner and outer debris disks (interior to HR 8799 e
and exterior to HR 8799 b), and a halo consisting of small dust
grains (Su et al. 2009). The two innermost detected planets in
the system to date, at ∼24 and 15 au, respectively (Marois
et al. 2008, 2010; GRAVITY Collaboration et al. 2019), HR
8799 d and e likely have masses between 7 and 10 MJ (Marois
et al. 2008, 2010; Wang et al. 2018b; GRAVITY Collaboration
et al. 2019).

Clouds and chemical disequilibrium appear to be prevalent
among the gas giant planets of HR 8799. Within the outer three
planets (HR 8799 bcd), observations indicate the likely
presence of clouds and chemical disequilibrium (Bowler
et al. 2010; Hinz et al. 2010; Janson et al. 2010; Barman
et al. 2011; Madhusudhan et al. 2011; Marley et al. 2012;
Currie et al. 2014, 2014; Skemer et al. 2014; Barman et al.
2015; Bonnefoy et al. 2016; Lavie et al. 2017; Wang et al.
2020; Ruffio et al. 2021; Wang et al. 2022a, 2022b).
Furthermore, Marley et al. (2012) presents evidence that
patchy cloud models fit HR 8799 bcd observations, and Currie
et al. (2014) argues that all four gas giants’ photometry fit
thick, patchy cloud models better than uniform cloud models.
Chemical disequilibrium and thick clouds have also been
inferred in HR 8799 e in relatively recent literature (Bonnefoy
et al. 2016; GRAVITY Collaboration et al. 2019; Mollière
et al. 2020).

4.6.2. HR 8799 d and e Setup and Results

For HR 8799 d’s and e’s effective temperature ( -
+1558.8 81.4
50.9

K/ -
+1345.6 53.3
57.0 K) and logarithmic surface gravity ( -

+5.1 0.4
0.3

/ -
+3.7 0.1
0.3), we adopt values retrieved by Wang et al. (2021)

using BT-Settl models. As discussed in Wang et al. (2021),
these temperatures and HR 8799 d’s surface gravity are higher
than the values cited in the preponderance of studies (Marois
et al. 2008, 2010; Bonnefoy et al. 2016; Greenbaum et al. 2018;
Wang et al. 2022b). However, because we are also using BT-
Settl models for our templates due to their high resolution, we
cautiously adopt Wang et al.ʼs (2021) values.
The spin parameters for both HR 8799 d and e derive from

Wang et al. (2021), in which two inclination scenarios are

Figure 7. Residuals distribution of simulated VHS 1256 b LP deviations (for ELT/METIS) and inferred analytical model. Distribution is fit with Gaussian profile
resulting in μ = −4.85 × 10−7 and σ = 0.00224. The LP noise level corresponds to a S/N ∼ 450, a significant increase over the mean spectral S/N (∼55). With a
wider spectral band, TMT/MODHIS shows even higher gain with S/N improvement of ∼100 to ∼1600. As the S/N gain scales with the square root of the number of
deep absorption lines (with wavelength coverage as a proxy), expectations are met as TMT/MODHIS (gain = 16, Δλ = 1450 nm) results in twice the S/N gain as
ELT/METIS (gain ∼8, Δλ = 300 nm). Although the distribution is only approximately Gaussian in the figure, tests indicate increasing time samples leads to
convergence on the Gaussian.
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considered: the first, in which inclination priors are based on
the orbital inclination (∼26°; Wang et al. 2018b; Goździewski
& Migaszewski 2020), and the second, in which the inclination
priors derive from a random uniform distribution of u isin as in
Bryan et al. (2020). These assumptions lead to varying periods,
computed inclinations (see Table 2), and, ultimately, integra-
tion times (see Table 3). Wang et al. (2021) infers u isin values
of -

+ -
-
+ -10.1 km s 15.0 km s2.7

2.8 1
2.6
2.3 1 for HR 8799 d and e.

Due to the faint apparent magnitudes of HR 8799 d and e,
the planets have the lowest S/Ns and highest average
uncertainties out of the targets evaluated with TMT/MODHIS
and ELT/METIS. The “random” inclination scenarios result in
longer periods (with fixed temporal sampling this means longer
integration times) and more edge-on viewing angles. As a
result, these scenarios yield comparatively higher S/Ns and

overall more constrained parameters than when their inclina-
tions are aligned with their orbits.

Figure 8 demonstrates that, although the uncertainties are
high, longitude and radius are beginning to be constrained
for one rotation. Simulating five rotations and stacking the
integrated exposures (S/N ∼31 for TMT/MODHIS) leads
to all three parameters being constrained (see Figure 9).
Although this technique would not identify atmospheric
evolution on the timescales observed for the most variable
ultracool dwarfs (VHS 1256 b, SIMP 0136, etc.), it
would likely identify enduring features such as Jupiter’s
Great Red Spot. It should be noted observations over
five rotations would require a significant investment in
observation time.

Figure 8. HR 8799 e (random prior inclination, one rotation) Bayesian retrieval of 1-Spot scenario with TMT/MODHIS via dynamic nested sampling. The mean
inferred values along with 1σ quantiles are displayed on the top of each column. Contours denote 0.5, 1, 1.5, and 2σ regions. Truth values are shown by the red line.
Plot created with Dynesty (Speagle 2020).
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5. Improved Doppler Imaging Performance by Combined
Spectroscopy/Photometry

Near-simultaneous, multimodal observations have proven to
be beneficial in astronomical observations (Albrecht et al.
2022). As demonstrated in Plummer & Wang (2022), the
framework used in Imber can be used to generate both
synthetic spectroscopic and photometric data via numerical
simulation and also infer spot location, size, and contrast with
computationally inexpensive analytical modeling using both
spectral LPs and photometric light curves.

As discussed in Section 2.3, ELT/METIS has both IFU
spectrograph and imaging modes. Here both modes are applied
to VHS 1256 b (with properties as described in Section 4.3) to
compare each mode’s ability to retrieve spot parameters. We
also consider a near-simultaneous, combined spectroscopic and
photometric observation.

5.1. Test Setup

Simulating ELT/METIS’s imaging mode is conducted very
similarly to the spectroscopic mode described in Section 2.4.
An airmass of 1.5 is assumed at Cerro Armazones. To improve
inference using light curves, the number of time samples is
increased from 15 to 30. For photometry, an exposure time of
60 s is used, resulting in a S/N ∼ 1830, considerably higher
than those achieved with the spectroscopic instruments.
Increasing the number of time samples reduces each

spectroscopic exposure (from 1.46 hr to 44 minutes) and
corresponding S/N (from ∼53 to ∼38), but enhances temporal
resolution. When spectroscopy is combined with photometry,
the integrated time for spectroscopy is 43 minutes per exposure
(as 60 s is used for photometry) with minimal impact on the
resulting spectroscopic S/N (∼37).

Figure 9. HR 8799 e (random prior inclination, five rotations) Bayesian retrieval of 1-Spot scenario with TMT/MODHIS via dynamic nested sampling. The mean
inferred values along with 1σ quantiles are displayed on the top of each column. Contours denote 0.5, 1, 1.5, and 2σ regions. Truth values are shown by the red line.
Plot created with Dynesty (Speagle 2020).
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For this test, we consider two cases: Case 1 with one dark
spot (lat.= 30°, lon.= 30°, radius= 30°, contrast=+0.25)
and Case 2 with two spots, bright and dark (lat.= 30°, 60°,
lon.=−60°, 60°, radius= 30°, 30°, contrast=+0.25, −0.25).
Latitude, longitude, radius, and contrast are free parameters in
all scenarios. Each retrieval’s deviations from the input truth
parameter is shown in Figure 10.

For the 1-Spot models, the contrast priors vary uniformly
from +1.0 to −1.0, but for the 2-Spot model priors, we use
both a bright spot (−0.5± 0.5) and dark spot (+0.5± 0.5). All
other priors are as described in Section 4.1.

5.2. Combined Spectroscopy/Photometry Results

Incorporating photometry into the retrieval results in
improved inferred values in nearly all scenarios. For 1-Spot
models, although photometry alone improves both the
retrieval’s accuracy and uncertainty, a combined

spectroscopic/photometric solution is even better. The 2-Spot
model introduces a more complicated picture. Photometry-
alone observations introduce a bias in the retrieved radius and
contrast which is not fully resolved in the combined solution.
These biases could perhaps be addressed by weighting the
spectroscopic observations higher in the combined solution.

5.3. Opportunities from Combined Spectroscopy and
Photometry

Ongoing tension exists as to whether the spectral and
photometric variability seen near the L/T transition is
primarily due to planetary waves within banded structures or
spotted features such as vortices, cloud systems, and rain-
out patches. Apai et al. (2017) and Apai et al. (2021) argue
the former case based on long-term photometric
observations of ultracool dwarfs. Polarimetric observations of
the binary BD system, Luhman 16, also support banding

Figure 10. VHS 1256 b retrieval results for spectroscopic (aqua), photometric (magenta), and combined spectroscopic/photometric (indigo) modes. Spectroscopy and
photometry are conducted with ELT/METIS’s IFU and L-band imager, respectively. Central point depicts maximum likelihood value and error bars represent 1σ
uncertainty. For the 2-Spot model, for each mode the left error bar corresponds to the input dark spot and the right value corresponds to the input bright spot. Vertical
axes show retrieved deviations from input truth values.
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(Millar-Blanchaer et al. 2020). There is furthermore a growing
consensus in the BD general circulation model community that
atmospheric zonal bands form in nearly all radiative and
convective forcing scenarios, even if only in the form of a
single equatorial jet (Zhang & Showman 2014; Showman et al.
2019).
On the other hand, there may also be a strong argument in

favor of spotted features driving the observed variability and
color and magnitude behavior at the L/T transition (Ackerman
& Marley 2001). Recent analysis by Zhou et al. (2022) of VHS
1256 b multirotational photometry identified a degeneracy
where both wave- and spot-based models could dictate
rotational modulation in ultracool objects. Furthermore, Cross-
field et al. (2014) inferred and mapped spotted features on the
visible surface of Luhman 16B using spectroscopy-based
Doppler imaging, a technique insensitive to planetary banding.
These results were replicated in Luger et al. (2021) and
Plummer & Wang (2022).
Using a combined spectroscopic and photometric approach,

we could break this degeneracy and gain greater insight into the
atmospheric structure of ultracool dwarfs and EGPs. Spectro-
scopic observations can confirm the existence and number of
spotted features deforming a spectral LP for a specific
astrophysical target. Furthermore, based on our results in
Section 5.2 and shown in Figure 10, it can be seen that
supplementing spectroscopic observations with near-simulta-
neous photometry has the potential to improve spot inference.
This proposed technique would be ideal for either coordinated
efforts between observatories or instruments such as ELT/
METIS that contain both spectroscopic and imaging modes.

6. Summary

We have applied the unified spectroscopic and photometric
numerical and analytical model developed in Plummer & Wang
(2022) to estimate Doppler imaging performance for ELT
instruments using our publicly available Python code Imber.
We simulated spectral LPs for six targets including a VLM star
(TRAPPIST-1), two ultracool dwarfs (VHS 1256 b and SIMP
0136), and three directly imaged exoplanets (Beta Pic b and HR
8799 d and e). With dynamic nested sampling, we performed
injection-retrieval for surface inhomogeneities, inferring spot
parameters via our analytical method. Our primary findings are
as follows:

1. TMT/MODHIS and ELT/METIS are suitable instru-
ments for Doppler imaging VHS 1256 b, SIMP 0136, and
Beta Pic b over one rotation. HR 8799 d and e may
require multiple rotations with stacked spectra.

2. GMT/GCLEF results in uncertainties significantly
greater than TMT/MODHIS and ELT/METIS for the
selected targets due to its wavelength coverage and
aperture size. Stacking multiple rotation observations
could allow for the identification of surface features using
GMT/GCLEF.

3. TRAPPIST-1 appears to be a less suitable target for all
three instruments due to its relatively low u isin
(2.1 km s−1) and near edge-on inclination (i∼ 90°). With
a notional 85° inclination, tests indicate u isin values of
7 km s−1 are required to successfully retrieve spot
parameters.

4. Instruments with both spectroscopic and imaging modes,
such as ELT/METIS, may be able to improve their

solutions by augmenting spectroscopic data with short-
exposure-time photometry.

Moving forward, Imber can provide an estimation of
spectroscopic and photometric instruments’ abilities to detect
magnetic spots, cloud structures, and storm systems in stars and
ultracool objects to address questions such as habitability and
the exact nature of the spectral L/T transition. The code can
also be applied to real-world observations to detect surface
inhomogeneities, as demonstrated in Plummer & Wang (2022).
In terms of future astrophysical applications, the unified
spectroscopic and photometric approach of Imber makes it
particularly well suited to solve problems such as the
degeneracy between spotted features and planetary banding
seen in long-term ultracool object photometry.
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