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ABSTRACT

The Slicer Combined with Array of Lenslets for Exoplanet Spectroscopy (SCALES) is an under-construction
thermal infrared high-contrast integral field spectrograph that will be located at the W. M. Keck Observatory.
SCALES will detect and characterize planets that are currently inaccessible to detailed study by operating at
thermal (2–5 µm) wavelengths and leveraging integral-field spectroscopy to readily distinguish exoplanet radiation
from residual starlight. SCALES’ wavelength coverage and medium-spectral-resolution (R ⇠ 4,000) modes will
also enable investigations of planet accretion processes. We explore the scientific requirements of additional
custom gratings and filters for incorporation into SCALES that will optimally probe tracers of accretion in
forming planets. We use ray-traced hydrogen emission line profiles (i.e., Br�, Br↵) and the SCALES end-
to-end simulator, scalessim, to generate grids of high-fidelity mock datasets of accreting planetary systems
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with varying characteristics (e.g., Te↵ , planet mass, planet radius, mass accretion rate). In this proceeding,
we describe potential specialized modes that best di↵erentiate accretion properties and geometries from the
simulated observations.

Keywords: instrumentation: thermal infrared, integral field spectroscopy, simulation

1. INTRODUCTION

Our current understanding of exoplanet atmospheres mostly comes from ground-based near-infrared (1–2 µm)
photometry and spectroscopy. However, most self-luminous exoplanets emit the majority of their radiation
in the thermal-infrared1 (2–5 µm). The Slicer Combined with Array of Lenslets for Exoplanet Spectroscopy
(SCALES; see Skemer et al. 20222) will leverage this fact to observe exoplanets where they are brightest, while
also utilizing integral-field spectroscopy to distinguish between exoplanet light and residual starlight via spectral-
di↵erential imaging.3 Other key science drivers for SCALES include: protoplanetary disk characterization, Solar
System object monitoring, supernova remnant mapping, and active galactic nuclei characterization. See Sallum
et al. (2023)4 in these proceedings for further information regarding SCALES’ science goals.

SCALES will use a custom silicon lenslet array, changeable coronagraphs, and dispersive prisms to carry out
integral-field spectroscopy over a 2.200 ⇥ 2.200 field of view for its low spectral resolution (R < 300) modes. A
small 17 ⇥ 18 lenslet array portion with a 0.3400 ⇥ 0.3600 field-of-view will be placed onto an advanced image
slicer for medium resolution observing at R ⇡ 3,500 � 7,000 (see Figure 1). This subarray will be reconfigured
into a pseudo-slit then dispersed across the full SCALES H2RG detector. A piezo mirror will steer the intended
science target onto the lenslet subarray and hold it there for the duration of an observation. SCALES’ baseline
medium resolution modes will cover each of the K, L, and M bands with spectral resolution determined by
available detector space (see Table 1). Stelter et al. (2022),5 also Stelter et al. (2023) in these proceedings,6 has
a full discussion of the SCALES medium-resolution design. These modes at thermal infrared wavelengths meet
high-level science requirements to constrain molecular abundances of methane, ammonia, carbon monoxide, and
water vapor in exoplanet atmospheres.

SCALES will characterize exoplanets at longer wavelengths than current high-contrast integral-field spec-
trographs (IFS; e.g., GPI,7 SPHERE,8 CHARIS,9 ALES10). This will enable the study of planet populations
that have thus far not been accessible to detailed study, specifically colder (<700 K) exoplanets. The youngest
exoplanets for a given mass are easiest to detect because they are radiating away residual heat from their re-
cent formation,11,12 which is why near-infrared direct-imaging searches typically target star-forming regions and
young moving groups. These studies have thus far resulted in low yields,13–15 suggesting that gas-giant planets
are rare. However, constraints on giant planet occurrence frequency are heavily dependent upon the models
assumed for planet population distributions, initial entropy, and thermal evolution. For instance, exoplanets
formed via core accretion with a “cold-start”16 are theorized to have initial luminosities much lower than plan-
ets produced through cloud fragmentation, disk instabilities, or core accretion with planetary surface shocks
(“hot-start” models17–20). This suggests there may be a hypothetical population of “cold-start” planets that are
undetectable with near-infrared IFSs but to which SCALES would be sensitive.

SCALES will also be able to observe actively-forming exoplanets embedded in their nascent disks by distin-
guishing between circumstellar disk scattered light and protoplanet emission. In fact, detecting these systems
o↵ers the opportunity to witness planet assembly and circumplanetary disk evolution in action, as evidenced by
the detection of accretion tracers for known protoplanets.21–23 Accretion onto forming planets produces observ-
able signatures in their spectra in the form of ultraviolet radiation excess and hydrogen emission line features.
While shocked infalling gas produces excess UV flux that traces accretion directly, observing in the UV from
ground-based telescopes is di�cult; instead, optical H lines (i.e., H↵) are typically used as proxies.24 However,
these are prone to large systematic uncertainties from non-accretion processes, such as chromospheric activity25

and extinction from circumstellar or circumplanetary material.26 Infrared emission lines (i.e., the Paschen and
Brackett series) su↵er less dust extinction and also do not su↵er as much chromospheric emission contamination
as lower-excitation lines do.27,28 Therefore, SCALES may enable more robust accretion diagnostics in forming
exoplanets, provided that planetary accretion luminosities in these lines are high enough to be detectable.29–32
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Figure 1. Medium-resolution observation of a 2000 K brown dwarf in the K-, L-, and M -bands created using scalessim.
Left panel: Raw K-band image of the SCALES H2RG detector with spectra dispersed onto it. Top right three panels:
Extracted PSFs from a slice of scalessim-generated data cubes in each of the medium-resolution filters. Right panel:
Extracted spectra from a 1 s exposure using an aperture with radius of 4 pixels.

In the future, we anticipate the ability to upgrade SCALES with additional higher resolution gratings. This
paper describes our exploration of such gratings that would detect and characterize the accretion signatures from
protoplanets. We test modes that would enable SCALES to not only trace accretion in forming planets, but also
constrain the properties of the accretion flow from observational signatures (i.e., emission line profiles). In order
to simulate realistic observations of these science targets, we add functionality to scalessim, the SCALES end-
to-end simulator,33 that includes changing sky conditions for observation planning purposes as well as adjustable
grating dispersion curves.

Table 1. SCALES Medium Resolution Mode Specifications

Wavelength Range Band Resolving Power

1.95–2.45 µm K ⇠5,000

2.9–4.15 µm L ⇠3,500

4.5–5.2 µm M ⇠7,000

2. GRATING REQUIREMENTS

The SCALES end-to-end simulator, scalessim,33 was created to investigate of the impacts of optomechanical
design choices on SCALES science outcomes. The scalessim software includes actual dispersion curves for
SCALES’ low-resolution prisms, but currently assumes linear dispersion for the medium-resolution gratings.
These linear dispersion files are used to calculate the position at which monochromatic lenslet point spread
functions (PSFs) are imaged onto the SCALES detector. The scalessim software includes medium-resolution
dispersion files that are tuned to the K, L, and M bands with spectral resolutions of ⇠5,000, ⇠3,500, and ⇠7,000,
respectively. The mock IFS data cube output from scalessim is generated as if perfect spectral extraction has
been performed on the raw SCALES detector images (i.e., perfect deconvolution of the SCALES PSF occurs so
that all flux from the detector is collected). The data cube can be oversampled in wavelength but then summed
and binned to the appropriate spectral resolution.

In order to explore SCALES’ ability to constrain accretion physics, we generated new dispersion files with
R = 10,000 in the K and L bands centered on the Br� (2.165 µm) and Br↵ (4.051 µm) hydrogen emission line
wavelengths—two important accretion tracers that SCALES will be able to detect in forming exoplanets.31,34
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The higher resolution dispersion modes require slightly di↵erent bandpasses due to detector space. SCALES’
medium-resolution mode will operate from 1.95–2.45 µm in the K-band and from 2.9–4.15 µm in the L-band.
The higher resolution modes explored here would operate from 2.06–2.27 µm in the K-band and from 3.86–4.24
µm in the L-band. We chose to center the higher resolution L-band mode on the Br ↵ emission line just for
simulation purposes, but we note that the Earth’s atmosphere is opaque from 4.15–4.45 µm and our final custom
mode in the L-band will be shifted (see Sec. 5). We provide scalessim with Keck PSF cubes that range in
wavelength from 1.9–5.3 µm with �� = 0.0001 µm (R ⇠ 40,000 at 4 µm) and bin the resultant simulated
observations down to R of 10,000. We also experiment with binning the observations down to R of 20,000 and
keeping R at 40,000 to further explore even higher resolution modes and any trade o↵s in line profile fitting (see
Section 4).

3. SIMULATED OBSERVATIONS

We use scalessim to generate high-fidelity mock medium-resolution datasets. The simulation architecture
processes astrophysical fields into IFS data cubes that can be analyzed and interpreted by the user. Users
provide atmospheric conditions and observation patterns (i.e., exposure time, slew to background, slew to flux
calibrator or telluric standard) to create individual exposures. The scalessim software is written in Python and
tutorial notebooks are available on github.∗

3.1 Protoplanet Observations

We use the TORUS radiative transfer code35 to model the Br↵ and Br� hydrogen line profiles of a 1 MJup

protoplanet with 1.56 RJup radius at 150 pc undergoing magnetospheric accretion with inner radius equal to 1.5
Rp. We generate a grid of line profiles varying accretion rate (Ṁ), inclination angle (i), and the outer radius
of the protoplanet’s magnetosphere (Router; see Table 2). These line profiles are then run through scalessim
to generate data cubes for 120-s exposures. For this work, we choose to work with 120-s exposures to avoid
sky saturation. A total of 142 exposures are generated for a total integration time of 284 min. This represents
observing one science target for a full night of observing, including nodding o↵-target for 120-s sky background
observations after each science exposure and taking a 120-s exposure of an A0 flux calibrator every hour. We
use scalessim to include sky background and transmission in the generation of mock data with the same 120-s
exposure and add Poisson noise prior to spectral extraction. Spectra are extracted from the 3-D data cubes with
aperture photometry using a 4-pixel radius centered on the target (see Figure 2). Dedicated sky background and
telluric calibrator data cubes were generated in the above fashion to perform sky subtraction and flux calibration.

3.2 Sky Conditions and Observing Cadence

Previously, scalessim required explicit definitions of precipitable water vapor (PWV) and airmass (z) that were
then rounded to discrete values (1.0, 1.6, 3.0, 5.0 mm for PWV; 1.0, 1.5, 2.0 for z) for which theoretical sky
background and transmission spectral models are available, calculated with the atmospheric model ATRAN36 by
the Gemini Observatory.† We developed a new module for scalessim that allows users to generate observations
with any value of PWV below 5 mm and z between 1 and 2 when generating sky background and transmission

Table 2. TORUS Line Profile Grid Summary

Parameter Symbol Units Range �

Accretion Rate Ṁ MJup yr�1 [10�6, 10�3] 10�1

Outer Disk Router Rp [3, 6] 3

Inclination i � [0, 90] 30

∗scalessim can be found at: https://github.com/scalessim/scalessim. Increasing the resolution of the SCALES
grating required small adjustments to some scalessim modules and functions which will also be made publicly available.

†https://www.gemini.edu/observing/telescopes-and-sites/sites
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Figure 2. Simulations of a 284-min integration of Br↵ line profiles for a 1 MJup protoplanet with Rp=1.56 RJup and
inner magnetosphere radius of 1.5 Rp in the L band. TORUS-produced line profiles are used as input for scalessim to
produce mock data sets that include sky background and transmission. The spectra were extracted from the generated
data cubes using an aperture with radius of 4 pixels and flux calibrated using an A0 star.

realizations. The new module reads in the sky background (or transmission) spectral models at the sparsely-
sampled values of PWV and z to create a two-dimensional parameter surface, then uses bilinear interpolation to
generate a new sky model at the user-specified PWV and z values.

Looking forward to science commissioning and SCALES observing community needs, we have also generated
Python-based observation planning notebooks. The notebooks allow users to determine the actual z values
of a science or calibration target for the duration of an observing night utilizing astroplan.37 Users can also
sample historical PWV measurements for an “excellent”, “very good”, and “fair” night of observing at Maunakea
(see Fig. 3) calculated from ⌧225 measurements archived by the Caltech Submillimeter Observatory.‡ We use
this functionality to explore the impacts of increasing the cadence of observing telluric standards during the
night on flux calibration. We create data cubes of an A0 standard star exposed for 120 s at the beginning and
end of the observing night (⇠4.5 hr apart), as well as at intervals of 60 min and 15 min. The PWV curves
shown in Figure 3 and astroplan predicted z values are then sampled to determine pairs of PWV and z to
be put into scalessim at the respective cadence times. Incorporating realistically changing sky conditions and

Figure 3. Band 1 (<0.83 mm), Band 2 (0.83–1.58 mm), and Band 3 (1.58–2.58 mm) PWV conditions for “excellent”,
“very good”, and “fair” nights of observing at Maunakea. Values were calculated from ⌧225 measurements archived by
the Caltech Submillimeter Observatory.

‡http://cso.caltech.edu/tau/
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Figure 4. Comparison between the extracted spectra from the current SCALES medium-resolution observing mode
(orange diamonds) and that of our custom R = 10, 000 observing mode (green circles). The current SCALES medium
resolution mode can detect hydrogen line emission from magnetospheric accretion but does not adequately sample the
input profile, especially for protoplanets with higher accretion rates and/or smaller accretion disks. Left-hand panel:
Expected Br↵ emission from a 1 MJup protoplanet with Rp=1.56 RJup, inner magnetosphere radius of 1.5 Rp, outer
magnetosphere radius of 6 Rp, Ṁ = 10�6 MJup yr�1, and i = 0� (gray dashed line). Right-hand panel: Expected Br↵
emission from a 1 MJup protoplanet with Rp=1.56 RJup, inner magnetosphere radius of 1.5 Rp, outer magnetosphere
radius of 3 Rp, Ṁ = 10�3 MJup yr�1, and i = 0� (gray dashed line).

target elevations into scalessim will enable observers to determine the best observing cadences and patterns to
maximize their signal-to-noise goals with SCALES.

4. RESULTS

Figure 4 shows two example input Br↵ line profiles and extracted spectra for observations taken with SCALES’
planned medium resolution mode and the custom R ⇠ 10,000 grating. We present Br↵ exclusively in this work
but the trends seen are similar for simulated observations of Br�. The first model shown (left-hand panel) is
the expected Br↵ emission for an accreting protoplanet with an outer magnetosphere radius of 6 Rp, Ṁ = 10�6

MJup yr�1, and i = 0�. The second model shown (right-hand panel) has a di↵erent outer magnetosphere radius
of 3 Rp and accretion rate of Ṁ = 10�3 MJup yr�1. The total integration time for the simulated spectra is 284
min. The data have been flux calibrated using an A0 star and the line profiles have been normalized to the peak
line intensity.

We also explore R of 10,000, 20,000, and 40,000 observing modes and their ability to constrain accretion
parameters (for TORUS, Ṁ , Router, i; see Figure 5). We focus our analysis on the TORUS models we generated
with Ṁ = 10�5 MJup yr�1 and Ṁ = 10�6 MJup yr�1 since these are accretion rates that would form a giant
planet in ⇠10,000 to 1 Myr. We ran these TORUS line profiles through scalessim with individual exposure
times of 120 s, PWV=0.8 mm, and z = 1. We created 51 individual frames for a total integration time on
target of 102 min that simulates taking observations of a science target and nodding o↵ to take sky background
observations for half of an observing night. We performed aperture photometry on the simulated data cubes in
the same manner as described in Section 3.1. We also extracted noiseless spectra of each TORUS model at each
resolution to compare to our simulated observations and generate �2 statistics.

In Figure 5 we show how the simulated line profiles change at the di↵erent resolutions we explored. The
extracted spectra are for a simulated observation of an accreting protoplanet with Router = 6 Rp and Ṁ = 10�6

MJup yr�1. We also extract a noiseless spectrum of the TORUS line profile, as well as a noiseless spectrum of a
TORUS line profile that has the outer magnetosphere radius changed to 3 Rp. We then calculate the �2 between
the simulated observation and the noiseless spectrum (i.e., the best-fit model), as well as the �2 between the
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Figure 5. Simulated observations of a 1 MJup protoplanet with Rp=1.56 RJup, inner magnetosphere radius of 1.5 Rp,
outer magnetosphere radius of 6 Rp, Ṁ = 10�6 MJup yr�1, and i = 0� (green circles) compared to modeled line profiles
of an accreting object with Router = 6 Rp/Ṁ = 10�6 MJup yr�1 (dashed line) and Router = 3 Rp/Ṁ = 10�6 MJup yr�1

(dotted line) sampled at resolutions of 4,000, 10,000, 20,000 and 40,000. Each panel is labeled with the change in �2

between fitting the observations with the best-fit model (Router = 6 Rp, Ṁ = 10�6 MJup yr�1) and fitting the observations
with one parameter changed (Router = 3 Rp), indicating that increasing the resolution of the SCALES accretion-tracing
mode also increases its constraining power.

simulated observation and the noiseless spectrum of a model with one parameter changed. As the resolution
increases, we see that the ��2 between the best-fit model and a model with a magnetosphere radius of 3 Rp

increases. This indicates that increasing the resolution of the SCALES accretion-tracing mode also increases its
constraining power by excluding more models.

In Figure 6 we show the changes in �2 as one model parameter is varied with increased SCALES spectral
resolution. We also indicate where ��2 = 3.53 in each panel, which is the value that signifies a 1-� di↵erence
from the best-fit model for three degrees of freedom. The simulated observation shown is of a protoplanet with
Router = 3 Rp, Ṁ = 10�6 MJup yr�1, and i = 0�, but the trends seen in the figures are similar for other
simulated observations. In the leftmost panel, we changed the accretion rate from 10�6 MJup yr�1 to 10�5 MJup

yr�1. We see that we can easily constrain a 10⇥ di↵erence in Ṁ at R = 4,000, 10,000, 20,000 and 40,000. In

Figure 6. Change in �2 as one model parameter is varied with increased SCALES spectral resolution. Also indicated is
where ��2 = 3.53 in each panel which is the value of ��2 that signifies a 1-� di↵erence from the best-fit model. The
simulated observation shown is of a 1 MJup protoplanet with Rp=1.56 RJup, inner magnetosphere radius of 1.5 Rp, outer
magnetosphere radius of 3 Rp, Ṁ = 10�6 MJup yr�1, and i = 0�. Leftmost panel: A 10⇥ di↵erence in Ṁ at R = 4, 000,
10,000, 20,000 and 40,000 is easily constrained. Middle panel: Only higher-resolution specialized modes (R � 10, 000)
can constrain the outer radius of the magnetosphere accretion disk. Rightmost panel: When fitting for inclination only
i &60� can be constrained in any of the medium-resolution modes explored.
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the middle panel, we change Router from 3 Rp to 6 Rp. We see that only for higher-resolution specialized modes
(R � 10,000) can the outer radius of the magnetosphere accretion disk be constrained. In the rightmost panel,
we vary the inclination and see that we can only constrain di↵erences in inclination greater than ⇠60� across
any of the medium-resolution modes explored.

5. FUTURE WORK

We note that the sky background at Maunakea will begin to dominate observations past 4.15 µm, causing
saturation in exposure times not much longer than the 120 s observations used in this work. The final higher-
resolution L-band grating will include the Br↵ wavelength, but not center it, to ensure high signal-to-noise
observations of this emission line while avoiding saturating on sky. Consideration and incorporation of additional
systematic noise sources (e.g., stellar halo for close companions, steering mirror pointing errors) into scalessim
is needed to assess their impact on spectral extraction, which has implications for telluric and photometric
calibration strategies. Also in future work, we will generate a larger, finer grid of TORUS line profiles to run
through scalessim and more thoroughly assess parameter uncertainty impacts for custom observing modes.
We will also perform this analysis with di↵erent models of accretion (i.e., Aoyama et al. 2018,29 Marleau et
al. 202232) to see if additional considerations are required to finalize the design of a custom accretion-tracing
mode. Additional validation of this work with previous on-sky Maunakea observations of accreting protoplanets
and substellar objects will be pursued. These analyses will enhance SCALES’ ability to di↵erentiate between
accretion paradigms when observing protoplanets.
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