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ABSTRACT

SCALES (Slicer Combined with Array of Lenslets for Exoplanet Spectroscopy) is a high-contrast lenslet-based
integral field spectrograph (IFS) designed to characterize exoplanet atmospheres in the 2 - 5 micron wavelength
range. The SCALES medium-resolution mode provides the ability to characterize exoplanets at increased spectral
resolution via the use of a lenslet subarray with a 0.34 x 0.36 arcsecond field of view and an image slicer. We
use the SCALES simulator scalessim to generate high-fidelity mock observations of planets in the medium-
resolution mode that include realistic Keck adaptive optics performance, as well as other atmospheric and
instrumental noise effects, to simulate planet detections, and then employ angular differential imaging to extract
the planet spectra. Analyzing the recovered spectra from these simulations allows us to quantify the effects
of systematic noise sources on planet characterization, in particular residual speckle noise following angular
differential data processing. We use these simulated recovered spectra to explore SCALES’ ability to constrain
molecular abundances and disequilibrium chemistry in giant exoplanet atmospheres.
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1. INTRODUCTION

SCALES (Slicer Combined with Array of Lenslets for Exoplanet Spectroscopy) is a 2 - 5 micron high-contrast
lenslet-based integral field spectrograph (IFS) that is being constructed for the purpose of characterizing exo-
planet atmospheres. A novel aspect of SCALES is its medium-resolution mode, which uses a lenslet subarray
with a 0.34 x 0.36 arcsecond field of view in series with an image slicer to allow for exoplanet characterization at
increased spectral resolution.’ At medium resolution, SCALES has K, L, and M band modes with resolution R
> 3500, and is specifically designed to constrain effective temperature to within 10 K, metallicity ([M/H]) ratios
to within ~0.1, and log abundances of HoO, CHy, NHj3 to within ~0.1 for planets as cold as 300 K. Additionally,
for planets hotter than 500 K, the SCALES medium-resolution mode is designed to measure log abundances of
molecules like CO, CO», and PH3 to within ~1.2

Unlike most traditional observing modes, the field of view in the SCALES medium-resolution mode is not
centered on the planet host star. The instrument instead guides on the exoplanet by following the star-planet
system’s parallactic rotation, providing a series of images of the planet and noise from the star that differs in
each image as the respective positions of the star and planet change.

Here we look to determine the extent of SCALES’ ability to constrain molecular abundances and chemical
disequilibrium using the medium-resolution mode. In order to explore SCALES’ sensitivity, high-fidelity mock
observations of planets are simulated using the SCALES simulator scalessim that include speckle noise from
their host stars, as well as other atmospheric and instrumental noise effects, while varying a variety of model
parameters.? For the purposes of this project, all simulations were carried out for the SCALES medium-resolution
M band mode. The M band spans wavelengths from 4.5 microns to 5.2 microns and has a resolving power of
R = 7000.

2. METHODS

To simulate mock SCALES medium-resolution observations, we use scalessim to inject the spectrum of a planet
(see Fig. 1 for examples) in a different location over a range of parallactic angles (1) and the spectrum of its
host star, with the planet always placed in the center of the frame and the star being placed at a fixed distance
away. The injected planet spectra are from the Sonora Elf Owl model grid, which consists of radiative-convective
equilibrium model atmospheres with vertical mixing induced disequilibrium chemistry. The variable parame-
ters in the grid are effective temperature (Teg), gravity (log(g)), vertical eddy diffusion coefficient (log(Kzz)),
atmospheric metallicity ([M/H]), and carbon-to-oxygen ratio (C/0).4

For a given set of log(Kzz), Teg, log(g), [M/H], and C/O values, the injected planet is placed at a 500 mas
separation from its 3000 K host star, which is modeled using a PHOENIX spectrum.® scalessim generates a
spectrally oversampled datacube of 17 by 18 spaxels at 34001 wavelengths between 1.9 and 5.3 microns, and
13 of these cubes are generated with independent noise realizations and changing Keck PSFs, representing 13
images at different parallactic angles over a range of n = —60° to n = 60°. The total integration time for each
set of parameters is 2 hours for hot planets (Teg > 600 K) and 20 hours for cold planets (Teg < 600 K). The
relationship R = 7000 = A\/AX where A\ = % = 4.85 microns is then used to rebin the oversampled datacube
to the resolving power of the M band medium-spectral-resolution mode.

Once the mock observations have been generated, angular differential imaging (ADI) is used to process the
images and extract the planet signal. ADI is a high-contrast imaging technique that reduces quasi-static speckle
noise, and consequently aides in the detection of companions.® In traditional ADI, the field of view rotates
with respect to the instrument, as observations of the host star are made and a sequence of images is taken
with the instrument derotater turned off. The average speckle noise in each image is captured in a reference
point-spread-function (PSF), which is constructed from images from the same sequence. Once constructed, the
reference PSF is subtracted from each science image, and the residual images are combined after being rotated
to align the field.

For SCALES medium-resolution images, traditional ADI cannot be applied, since the field of view is not
centered on the host star and as a result, there is no rotation involved. In order to employ ADI here, a reference
PSF that captures the average speckle noise in each image is generated by defining an exclusion zone at the
center of each science image that ignores light from the planet at each wavelength and 7 value. Each image
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(a) Injected spectrum of a planet with Teg = 400 K,  (b) Injected spectrum of a planet with Teg = 1000 K,
log(Kzz) = 7.0, log(g) = 31.0, [M/H] = -1.0, C/O = log(Kzz) = 9.0, log(g) = 31.0, [M/H] = 0.0, C/O =
2.5. 0.5.

Figure 1: Sample injected Sonora Elf Owl planet spectra used in scalessim when generating mock-observations.
The left panel shows a cold planet and the right panel shows a hot planet.

is then placed at its corresponding 7 value with respect to the host star and the mean of all the overlapping
images in a given region is calculated. Fig. 2 shows a schematic of the reference PSF construction method and
an example reference PSF.”

The planet spectrum is extracted by injecting negative Gaussians to attempt to remove the planet signal and
then minimizing the ADI-processed residuals to determine the flux at each wavelength.® The planet flux for a
given wavelength is assumed to be equal at all values of 77. The total number of counts collected from the planet
is then the sum of the best-fit Gaussian times the number of parallactic angles.

We also simulate telluric calibrators in order to correct for sky transmission and flux calibrate the planet
spectra. The spectrum of an A star is sent through scalessim in the same way as the planet spectra, with the
star placed at the center of the frame. The generated datacube, rebinned to the M band resolving power, is then
compared to a template spectrum to calculate the telluric correction. We use the resulting ratio to convert the
recovered planet spectra to flux units.

The error for each wavelength is determined by calculating the standard deviation of the images at each 7
value individually, multiplying each of them by the square root of the number of pixels occupied by the planet
PSF, adding them in quadrature, and converting the resulting value to flux units. For the purposes of this
project, at wavelengths where the signal-to-noise ratio (SNR) has a value less than 1, we exclude the flux value
from subsequent fitting. The SNR here is determined by comparing the best-fit Gaussian to the calculated error.

Once a spectrum has been recovered along with the respective noise for each flux value, a chi-squared analysis
is performed to to find the best-fit model parameters for the simulated observed spectrum, and to determine
whether the correct parameters can be recovered. Each extracted spectrum is compared with models in the
Sonora EIf Owl model grid. For each extracted spectrum, x? values are calculated to compare the spectrum to
the grid of models. The best-fit x? value is rescaled to be equal to 1005, or the number of degrees of freedom,

Sigma | 1o 20 30 40 50
k=5 |5.89 | 11.31 | 18.21 | 26.77 | 37.09

Table 1: Chi-squared distribution table up to 50 where k is the number of degrees of freedom in the x? distri-
bution. The x? values calculated for each extracted spectrum with models in the EIf Owl grid are compared to
these values to determine how well each parameter can be constrained. For example, any parameters with x?2
values between 1005.0 and 1010.89 are allowed at 1lo.
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(a) Schematic of ADI reference PSF construction. The  (b) An example ADI reference PSF for a planet with
solid squares represent the images, the dash-dotted log(Kzz) = 7.0, Tes = 400 K, log(g) = 31.0, [M/H] =
squares represent the exclusion zone for each image in  -1.0, C /O = 2.5 around a 3000 K star. All light within
the sequence, and the black star represents the host the exclusion zone has been eliminated from each indi-
star PSF. The color progression indicates that each im-  vidual image over all 7 values and all wavelengths, and
age is taken at a different value of 7. the remaining noise was averaged over the 7 values.

Figure 2: An ADI reference PSF constructed with 13 7 values and a 500-mas planet-star separation.

which is the difference between the number of data points, 1010, and parameters in this fit, 5. The x? values
are then analyzed using the values in Table 1 in order to establish parameter constraints.

3. RESULTS AND DISCUSSION

Figure 3 shows two resulting images and spectra obtained after employing ADI on the mock observations gen-
erated by scalessim. Both the deconvolved planet images in Fig. 3a and Fig. 3c are pictured at A = 4.665 pm
to demonstrate that detections are visible at individual wavelengths.

In general, the overall features and shape of the injected spectra are recovered through the ADI processing,
as can be seen in Fig. 3b and Fig. 3d. However, there is significant discrepancy in the magnitude of the recovered
fluxes for colder planets. In Fig. 4, the recovered and injected flux values are compared directly, where a slope of
1 indicates a perfect recovery. Fig. 4a indicates that there is a systematic shift where recovered flux values are
lower than the injected values for the cold planet, while Fig. 4b suggests that this effect is significantly smaller for
the hot planet, though not negligible. We can also see that some planet fluxes are systematically overestimated
for the hot planet.

One explanation for the underestimated fluxes is that some amount of oversubtraction is occurring during
the ADI processing and is more significant for cold planets where the SNR is lower. The issue of self-subtraction
is a known effect in traditional ADI as well — if there is planet light that is not excluded while generating the
reference PSF, that flux can be subtracted off during ADI processing, resulting in an overall decrease in flux in
the residual images.?"'° The changing speckle noise from the use of changing Keck PSFs could also be a source
of error, resulting in relative dips and spikes in the best-fit flux values. A potential approach to mitigate these
effects is to perform throughput measurements, which will be the subject of future papers.

Figure 5 presents a selection of chi-squared surfaces that show how the x? values vary as different pairs of
atmospheric parameters are varied during fits to the recovered spectra. Table 2 presents these same results with
the y2-measured error bars for the best-fits made explicit. The color scale indicates the significance level with
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(a) Deconvolved planet image summed over all 7 val-
ues at A = 4.665 pum for a planet with Teg = 400 K,
log(Kzz) = 7.0, log(g) = 31.0, [M/H] = -1.0, C/O =
2.5.

(b) Injected model spectrum with the recovered planet spec-
trum overlaid with error bars for a planet with Tegq = 400 K,
log(Kzz) = 7.0, log(g) = 31.0, [M/H] = -1.0, C/O = 2.5.
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(c) Deconvolved planet image summed over all 7 values
at A = 4.665 um for a planet with Teg = 1000 K,
log(Kzz) = 9.0, log(g) = 31.0, [M/H] = 0.0, C/O =
0.5.

(d) Injected model spectrum with the recovered planet spec-
trum overlaid with error bars for a planet with Teg = 1000
K, log(Kzz) = 9.0, log(g) = 31.0, [M/H] = 0.0, C/O = 0.5.

Figure 3: Examples of recovered planet images and spectra for various parameter combinations.
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(a) Recovered model spectrum versus injected planet  (b) Recovered model spectrum versus injected planet
spectrum plotted with error bars for a planet with Teg  spectrum plotted with error bars for a planet with Teg
= 400 K, log(Kzz) = 7.0, log(g) = 31.0, [M/H] = -1.0, = 1000 K, log(Kzz) = 9.0, log(g) = 31.0, [M/H] = 0.0,
C/O = 2.5. C/0 = 0.5.

Figure 4: Direct comparison between the injected and recovered flux values for two models. The red line in each
plot has a slope of 1 and represents a perfect recovery.

which each set of parameters is allowed by the fit. The best-fit models for the extracted spectra are not the true
injected models for either the hot or cold planet. For log(Kzz) and log(g) in particular, the best-fit values tend
to differ greatly from the true values regardless of planet temperature, while there is slightly less variation for
[M/H] and C/O, with the true value of [M/H] being allowed within 50 and that of C/O being allowed within 1o
for the hot planet. The only parameter for which the true value is consistently allowed within 1o for both the
hot and cold planet is Te. These discrepancies are likely the result of the systematic errors illustrated in Fig. 4,
and we will explore strategies to mitigate them in future papers.

4. CONCLUSIONS

In this paper, we presented simulated planetary atmosphere characterizations with the SCALES M band medium-
resolution mode. These simulations explore the effects of quasi-static speckle removal using a modified approach
to angular differential imaging tailored for the unique SCALES field of view. The preliminary results indicate that
planet temperature is generally well-constrained regardless of how hot or cold the planet is, while metallicity and
the carbon-to-oxygen ratio can be constrained relatively well for hot planets, and the ability to place constraints
on planet gravity and the vertical eddy diffusion coefficient tends to vary more with planet temperature. Hotter
planets are also generally more reliably constrained overall than colder planets. These discrepancies are likely
caused by the systematic errors present in the recovered spectra, which may be caused by oversubtraction,
imperfect subtraction of changing speckle noise, or a combination of both.

Injected Model Parameters Best-Fit Model Parameters
log(Kzz) | Terr (K) | log(g) | [M/H] | C/O | log(Kzz) Tegr (K) log(g) [M/H] C/0
1 7.0 400.0 31.0 -1.0 2.5 | 2.0£< 2.0 | 400.0& < 100.0 | 562.0+£52*%° | 0.5+ < 0.2 | 1.5+ < 0.5
2 9.0 1000.0 31.0 0.0 0.5 4.0£%9 o | 1000.0£ < 100.0 | 562.0£558° | 05+£52° | 0.5£ <05

Table 2: Table of fit results. The “Injected Model Parameters” column indicates the true parameter values of
the injected model, and the “Best-Fit Model Parameters” column indicates the best fit values for the extracted
spectrum based on the chi-squared analysis. The errors here indicate the parameter values allowed at 50. The
errors accompanied by < symbols have values less than the spacing between subsequent points in the EIf-Owl
grid. Note that in Row 1, the best-fit log(Kzz) value is at the lower limit of the grid.
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(b) Chi-squared surfaces for a planet with Teg = 1000 K, log(Kzz) = 9.0, log(g) = 31.0, [M/H] = 0.0, C/O = 0.5.
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Figure 5: Chi-squared surfaces demonstrating the best-fit parameters for two sample planets.
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More work must be done in the future to perform more robust chi-squared analyses on a larger number of
extracted spectra where more parameters are varied. We must also account for effects of possible oversubtraction
and changing speckle noise resulting in imperfect recovered flux values. Future work will build on this ADI
approach to measure and correct for throughput, which will likely mitigate these systematic errors. More
realistic simulations must also be generated, as not all potential noise sources have been explored thoroughly,
and changing sky transmission/emission with airmass and conditions have not been explicitly considered. Future
work will involve enhancements such as variable sky transmission/emission, adding spectral differential imaging,
exploring the K and L bands, and performing joint fits to K, L, and M band spectroscopy of single planets.
These simulations will ensure that early SCALES observations are executed as efficiently as possible, and are
scientifically productive.
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