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2 GREENBAUM ET AL.

ABSTRACT

We demonstrate KLIP forward modeling spectral extraction on Gemini Planet Imager coronagraphic
data of HR8799, using PyKLIP. We report new and re-reduced spectrophotometry of HR8799 ¢, d, and
e from H-K bands. We discuss a strategy for choosing optimal KLIP PSF subtraction parameters by
injecting fake sources and recovering them over a range of parameters. The K1/K2 spectra for planets
c and d are similar to previously published results from the same dataset. We also present a K band
spectrum of HR8799e for the first time and show that our H-band spectra agree well with previously
published spectra from the VLT/SPHERE instrument. We compare planets ¢, d, and e with M, L,
and T-type field objects. All objects are consistent with low gravity mid-to-late L dwarfs, however, a
lack of standard spectra for low gravity late L-type objects lead to poor fit for gravity. We place our
results in context of atmospheric models presented in previous publications and discuss differences in
the spectra of the three planets.

Keywords: planets and satellites: gaseous planets — stars: individual (HR8799)

1. INTRODUCTION

Directly imaged planets present excellent laboratories to study the properties of the outer-architectures of young solar
systems. Near-infrared spectroscopic follow-up can constrain atmospheric properties including molecular absorption,
presence of clouds, and non-equilibrium chemistry (Barman et al. 2011; Konopacky et al. 2013; Marley et al. 2012).
Composition, especially in relation to the host star is an important probe of physical processes and formation history
(Oberg et al. 2011).

HR&8799 has been a testbed for detection techniques (Lafreniere et al. 2009; Soummer et al. 2011, e.g.,), astrometric
monitoring and dynamical studies (Fabrycky & Murray-Clay 2010; Soummer et al. 2011; Pueyo et al. 2015; Konopacky
et al. 2016; Zurlo et al. 2016; Wertz et al. 2017), atmospheric characterization (Janson et al. 2010; Bowler et al. 2010;
Hinz et al. 2010; Barman et al. 2011; Madhusudhan et al. 2011; Currie et al. 2011; Skemer et al. 2012; Marley et al. 2012;
Konopacky et al. 2013; Ingraham et al. 2014; Barman et al. 2015; Rajan et al. 2015; Bonnefoy et al. 2016), and even
variability (Apai et al. 2016). HR8799 is the only system containing multiple imaged planets, b,c,d, and e, presenting
a unique opportunity for studying planet formation. Astrometric monitoring and multiwavelength characterization
enable the study of dynamics and composition as a function of mass and semi-major axis.

Spectro-photometry and moderate resolution spectroscopy have provided the first detailed view into the atmospheres
of the HR8799 companions. Water and carbon monoxide absorption lines have been detected in the atmospheres of
planets b and ¢, with methane absorption additionally detected in b (Barman et al. 2011; Konopacky et al. 2013;
Barman et al. 2015). To account for the discrepancy between the spectra of b and ¢ and those of field objects, previous
near-IR observations from 1-5um have proposed the presence of clouds (Madhusudhan et al. 2011), disequilibrium
chemistry to explain an absence of methane absorption (Barman et al. 2011; Konopacky et al. 2013), and even non-
solar composition (Lee et al. 2013). However, some work suggests that prescriptions of disequilibrium chemistry,
non-solar composition, and/or patchy atmospheres may not play as important role for the d, e planets (Bonnefoy et al.
2016), which appear consistent with dusty late-L objects based on their YJH spectra and SEDs, and can be modeled
with atmospheres that do not contain these features.

K band spectra are especially sensitive to atmospheric properties and composition, especially methane and water.
The HR8799 planets b, d, and ¢ have shown a lack of methane absorption in the K-band spectra (Bowler et al. 2010;
Barman et al. 2011; Currie et al. 2011; Konopacky et al. 2013; Ingraham et al. 2014), inconsistent with field brown
dwarf counterparts.

PSF-subtraction algorithms that take advantage of angular and/or spectral diversity, while powerful for removing the
stellar PSF, result in self-subtraction of the signal of interest, which can bias the measured astrometry and photometry.
Many signal extraction approaches address the effects of self subtraction by injecting a negative fake signal into the
data to minimize the detected signal (Marois et al. 2010a; Lagrange et al. 2010, e.g.). In the case of spectral dimension
template PSF's of representative spectral types can be used to optimize the extraction/detection (Marois et al. 2010a;
Ruffio et al. 2017).

In this paper we present H-K spectra of planets ¢, d, and e obtained with the Gemini Planet Imager (GPI). We use
Karhunen Loéve Image Projection (KLIP) for PSF subtraction with the forward model formalism demonstrated in
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Pueyo (2016). In §2.2 we discuss the implementation of KLIP forward modeling (hereafter KLIP-FM) and optimization
of KLIP parameters. In §3 we display our spectra next to previous results from Ingraham et al. (2014) and Zurlo
et al. (2016); Bonnefoy et al. (2016), and discuss consistencies and discrepancies. We also compare the three object
for similarity in their spectra. We compare a library of classified field and low gravity objects to our H and K spectra
in §3.2 and report best fit spectral type. Finally, we discuss a few different atmospheric models and their best fits to
our spectra in §3.3.

2. OBSERVATIONS AND DATA REDUCTION
2.1. GPI Observations

HR&8799 was observed with the Gemini Planet Imager Integral Field Spectrograph (IFS) with its K1 and K2 filters
on 2013 November 17 (median seeing 0.97 arcsec) and November 18 (median seeing 0.75 arcsec), respectively, during
GPT’s first light. Conditions are described in detail in Ingraham et al. (2014). During the last 10 exposures of the
K1 observations cryocooler power was decreased to 30% to reduce vibration, and the last 14 exposures of the K2
observations had the cryocooler power decreased. Since commissioning the cryocooling system has been upgraded
with active dampers to mitigate cryocooler cycle vibrations [Is there an SPIE/other paper that talks about this?].
HR&799 was observed again on September 19 2016 in GPI’s H-band (median seeing 0.97 arcsec) as a part of the GPI
Expolanet Survey (GPIES) with the updated active damping system. Planet b falls outside the field of view in these
data.

Datacube assembly was performed using the GPI Data Reduction Pipeline (DRP) (GPI instrument Collaboration
2014; Perrin et al. 2014). Wavelength calibration for the K1 and K2 data was done using a Xenon arc lamp and flexure
offset adjusted manually (Wolff et al. 2014). Bad pixels were corrected and a dark and sky frame were subtracted from
the raw data. The raw detector frames were assembled into spectral datacubes. Images were corrected for distortion
(Konopacky et al. 2014) and high pass filtered. H-band datacube reduction followed a similar procedure, except that
flexure offsets were determined through the bandshift method (Not sure if this part requires more explanation).

The instrument transmission function was calibrated using the GPI grid apodizer spots, which place a copy of the
stellar PSF in four locations in the image (Sivaramakrishnan & Oppenheimer 2006). These fiducial spots are used
to convert raw data counts to contrast units and determine the precise stellar position for relative astrometry (Wang
et al. 2014).

2.2. KLIP forward modeling for unbiased spectra

PSF subtraction is performed by constructing an optimized combination of reference images with Karhunen-Loéve
Image Projection, henceforth KLIP (Soummer et al. 2012). The K-L basis is formed from the covariance matrix of
the reference images. To account for over- and self- subtraction of the companion signal we use the approach detailed
in Pueyo (2016) to forward model the signal in PSF-subtracted data to recover an unbiased spectrum. The forward
model is constructed by perturbing the covariance matrix of the reference library to account for a faint companion
signal and propagating this through the KLIP algorithm.

Over- and self-subtraction effects are accounted for in the forward model by projecting a model of the PSF onto the
unperturbed KL basis (over-subtraction) and the KL basis perturbation (self-subtraction). For the analysis presented
in this paper, the PSF model is constructed from the satellite spots.

After computing the forward model, the spectrum is recovered by solving the inverse problem for fy:

Table 1. Summary of observations

DATE | Band | #* | Int (s) | Rot"
20131117 | K1 |24 | 90 [17.1°] 162 | 0.98
20131118 | K2 |20 | 90 | 9.7° | 1.62 | 0.72’
20160919 | H | 60 | 60 |20.9°| 1.61 | 0.97

Airmass | Seeing

aNumber of frames
bTotal sky rotation in the dataset
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Planet c: H, K1, and K2 by row
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Figure 1. Varying KLIP-FM over a range of parameters for planet c. Left: Difference between the measured spectrum at
the planet location and the recovered spectra of fake injections, normalized by the recovered spectrum. Right: The variance
normalized by the recovered spectrum. The solid line denotes the chosen mov value (in pixels). kiip is chosen to minimize the
bias at the selected value of mov.

fr - FM = klippeddata (1)

We have tested both pseudoinverse and least squares approaches to inverting the the FM matrix, yielding similar
results. We use the pseudoinverse for the results presented in the paper. Both approaches and documentation are
available with the PyKLIP' package.

Using the approximate contrast summed over the bandpass for each object we run Bayesian KLIP Astrometry Wang
et al. (2016) to measure the astrometry of each planet in the different datasets. The improved position reduces residuals
between the forward model containing the optimized spectrum and the PSF-subtracted data.

We run KLIP-FM spectral extraction with the updated astrometry on a range of KLIP parameters, the KLIP
cuttoff ki and movement, mov. mov specifies the number of pixels the planet should move between reference
library images. Fake signals with the spectrum recovered at the planet location are inserted into the data at the same
separation (avoiding the region of the planet). To choose the best algorithm parameters, we consider the error between
the fake injection recovery and the input spectrum, as well as the error in the residual pixels in the region of interest.
The first term is defined as

Nyakes
1 ua 20T (s = fﬁz)Q
N)\Nfakes ff

specterror =

(2)

L http://pyklip.readthedocs.io/
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Planet d: H, K1, and K2 by row
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Figure 2. Same as Figure 1, but for planet d. The solid line denotes the chosen mov value. kiip is chosen to minimize the
bias at the selected value of mov (pixels).

where f) is the spectrum recovered at the location of the planet and f;\l is the spectrum recovered for the ith fake
source. Our images contain 37 wavelength slices per band. We define the residual error as the sum of the residual
image pixels squared divided by the sum of the klipped image. The residual is calculated inside a region with a radius
of 4 pixels.

residual =klipped, — forwardmodely,

1 Ny meels residual 2

N)Nygkes > pimels klipped,?

FMerror = (3)

Figures 1, 2, and 3 display the spectrum error (left) and residual error (right) for the range of investigated KLIP
parameters. The three panels top to bottom show the result for H, K1, and K2 bands. The solid line plotted in each
panel represents the value of mov chosen for the final spectrum, with the other values of mov represented in dashed
lines of varying thickness. The dotted vertical magenta line represents the chosen value of kjj;p.

We choose KLIP parameters that minimize the specte,ror and prefer solutions with smaller value of kj;;, that occur
before the minimum. As demonstrated in Pueyo (2016) the forward model starts to fail for aggressive (large kiip)
reductions of bright signals. The error in the residual is much smaller than our spectrum error, indicating that we
are not underestimating our errors by using the recovery of injected signals. Additional work is necessary to develop
a more rigorous framework for estimating the error based on the residual between the forward model and the klipped
data. The spectrum error term is fairly well behaved for all three planets, in general flattening with kj;,. The H band
data taken during the survey in 2016 has more rotation and was taken after several upgrades to the instrument. It
shows the most stable behavior with kj;p, especially for planets ¢ and d. The behavior of the two error metrics for
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Planet e: H, K1, and K2 by row
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Figure 3. Same as Figure 1, but for planet e. The solid line denotes the chosen mov value. kgiip is chosen to minimize the
bias at the selected value of mov (pixels).

planet e improved when slices from the band edges were removed prior to PSF subtraction. We have excluded fake
injections within 30 degrees of our planet location for e to avoid contamination from the planet signal.

Figure 4. Top: Our KLIP subtracted cubes showing a movement of 3 pixels. Bottom: Subtracted cubes using a movement
of 1 pixel. The data are zoomed in to highlight HR8799e.

For planets ¢ and d we note that most of the parameter combinations yield similar level of error, within a few
percent. Changing the klip parameters near our chosen values do not have a large affect on the spectrum. For planet
e the bias is generally higher (note the scale in Figure 3). This is reflected in the larger errorbars for e reported in
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Figure 5. KLIP-FM spectrum extraction of each planet (solid black line) and recovery of fake injections (gray lines) with
matching spectrum. The red dotted line shows the adjusted spectrum assuming a flux loss factor = spectrum / mean(fake
spectra).

our final spectrum. We display our collapsed datacubes reduced through PyKLIP in Figure 4 showing a less aggressive
reduction (movement=3 pixels) used to extract spectra of HR8799 ¢ and d in the top panel, and more aggressive
reduction (movement=1 pixel) used to extract the spectrum of HR8799 e in the bottom row.

3. RESULTS USING OPTIMIZED KLIP PARAMETERS

After inspecting an initial reduction with all data, we remove slices at the ends of each cube where the signal is low.
This is usually due to low throughput at band edges. KLIP errors are computed from the standard deviation of the
fake injection recovery at each wavelength channel. Errorbars displayed reflect contributions from the KLIP errors
(0 fakes) and the uncertainty in the spot flux.

We suspect that we are underestimating the flux for planet ¢ based on the recovery of the fake injections. In Figure
5 we show the the recovered spectrum and the recovered fake injections. For c, especially at the peak, the fake spectra
all lie below the recovered one, showing a systematic loss in flux over certain wavelengths. We have adjusted the
spectrum (red dotted line in Figure 5) by the factor between the recovered spectrum and the mean fake spectrum.

e
Z ffake,c/nfakes

In the case of both d and e, the mean fake spectrum is close to the recovered one, so we only apply this factor in the
case of c.

As in Bonnefoy et al. (2016), we use a Kurucz spectrum at 7500K, matched to the photometry of HR8799A, to
convert contrast to flux. We display results for the best KLIP parameters in Figure 6, adjusting our spectrum for ¢
as indicated in Figure 5. Light blue lines for ¢ and d panels are the K band spectra from the same dataset previous
published in Ingraham et al. (2014). In black are SPHERE YJH spectra published by Bonnefoy et al. (2016) and blue
squares show SPHERE photometry.

Our K-band spectrum for planet e changed the most with varying klip parameters. We note a discrepancy between
the overlapping edges of our K1 and K2 spectra for e. This is unlikely to be a calibration error since it is not seen
in the cases of the ¢ and d spectra. Based on both previous photometry and our residual errors (see Appendix A),
we suspect we are overestimating the flux at the edge of K1. There is possibly. The K2 spectrum of e more closely
resembles that of d.

We find very similar morphology as the previously published spectra for ¢ and d, although slightly lower flux in the
case of c. Since these planets are so bright we may still be over-subtracting, if the linear approximation in the forward
model is not appropriate, as described in Pueyo (2016). The SPHERE K1/K2 photometry also indicate this may be
the case. Ingraham et al. (2014) noted the K-band spectra in particular, combined with photometry at 3 and 4 pm
showed a lack of methane absorption, and our re-reduction is consistent. They noted the flatter spectrum for d, which
also appears to be the case for our new H-band spectra compared with ¢ and e.

The SPHERE IRDIS H-band photometry are discrepant with our result, however, these photometry are also dis-
crepant with the SPHERE IFS spectra. Our KLIP-FM H-band spectra for d and e are in good agreement with those
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Figure 6. Spectra recovered with KLIP FM for HR8799 c, d, and e. Overplotted are the original GPI K-band spectra of ¢ and
d for the same dataset in blue (Ingraham et al. 2014), Y-H spectra (Bonnefoy et al. 2016) and Y-K photometry (Zurlo et al.
2016) using the VLT/SPHERE instrument in black points and squares. The bottom panel shows a comparison of our three
recovered spectra.

obtained from the SPHERE IFS, within errorbars. Towards the center of H band we see a slight dip in the spectrum
for planet e, between 1.6 and 1.7 pm, which is not seen in the SPHERE IFS spectrum. Y and J observations of HR8799
with GPI will improve the comparison and provide a complete Y-K spectra on the same instrument.

3.1. Comparison of ¢, d, and e

We also compare the three H-K spectra with each other to see how different they are. In the bottom panel of Figure
6 we plot all three spectra on the same axes. The H band spectrum of e appears to be most discrepant from the other
two, and there are differences between all three in K1-K2. We note that our K1 and K2 spectra for e do not match.
Low throughput at band edges could contribute to this discrepancy. The K2 edge suggests similarity to d.

These small differences motivate a more quantitative comparison. We compute x? between each spectrum and a
spectrum drawn randomly from its error:

X2 =(fi— e fi— f) (4)
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Figure 7. A cross-comparison of all three planets showing the distribution of Xf, ; (defined in Equation 4) where 7 indicates the
row and j indicates the column. The diagonal shows each spectrum compared with 10° random draws from itself within the
errorbars. These, in solid outline are repeated for each panel in the same row. The off-diagonal panels also show the comparison
with random draws from a different object spectrum, as indicated by the panel title.

where f is the spectrum of the ith object, and f; is a spectrum drawn randomly from the spectrum of the jth assuming
Gaussian errors, taking into account covariance C;. C; and C; are the covariance matrices of the ith and jth planets
computed as described in Greco & Brandt (2016) and De Rosa et al. (2016). We draw f* 10° times for each band
recompute this statistic to compare distributions.

We plot the histograms of x? in Figure 7. The full spectrum comparison in is the sum of the three bands. In
Appendix B we also include each comparison for H, K1, and K2 bands separately. The solid outline histogram in each
panel represents the i = j case, comparing each spectrum with one randomly drawn from the same spectrum. The
histogram outlined in dashed lines represents the cross-comparison with a different spectrum indicated by the title of
each panel. The results show a discrepancy between ¢ and d to > 50. While the c-e comparison is discrepant, the e-c
comparison does not show a significant discrepancy. Reducing the errors for the planet e spectrum could improve this
comparison. Similarly planets e and d are not significantly distinct in the e-d comparison, showing a large amount
of overlap in their distributions. Resolving the discrepancy between K1 and K2 bands edges should also improve the
comparison.

3.2. Comparison to field objects

We compare our results with known field objects as described in Chilcote et al. (2017). We compare our H-K
spectrophotometry with a library of spectra for M,L. and T-dwarf field objects. These are compiled from the SpeX
Prism library (Burgasser 2014), the IRTF Spectral Library (Cushing et al. 2005), the Montreal Spectral Library (Gagné
et al. 2015; Robert et al. 2016), and from Allers & Liu (2013). Each spectrum and uncertainty was binned to the
spectral resolution of GPI (R ~ 45— 80 increasing from H to K2). We convolve the spectrum with a Gaussian function
of width matching the resolution for that band. The uncertainties are normalized by the effective number of spectral
channels within the convolution width.

Spectral type classifications were obtained from various literature sources, specified for individual objects. For
objects that had both optical and near-IR spectral types, the near-IR spectral type was used. Gravity classifications
were assigned from the literature as either old field dwarfs (o, FLD-G), intermediate surface gravity (8, INT-G), or
low surface gravity, such as typically seen in young brown dwarfs (v, ). Several studies (Kirkpatrick 2005; Kirkpatrick
et al. 2006; Cruz et al. 2009) outline the «, 8, v classification scheme, including an additional § classification from
Kirkpatrick (2005) to account for even lower gravity features. FLD-G, INT-G, VL-G follows (Allers & Liu 2013).
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Figure 8. We plot x2 between our GPI spectrum and each object in the spectral libraries described, as a function of spectral
type of field objects for each planet. From top to bottom we plot planets ¢, d, and e. The left shows x2 for H band, the
right shows the x? for combined K1, K2 bands. We indicate gravity classification by the legend at the top. Spectral standards
for FLD-G (Burgasser 2014; Kirkpatrick et al. 2010) and VL-G (Allers & Liu 2013) are indicated by red and yellow crosses,
respectively.

First we compare our spectra with those of each object in the compiled library, separately for H and K1-K2 bands.
We compute reduced y? using the binned spectra of comparison objects. The results for each of HR8799 c-e are shown
in Figure 8. Spectral standards are marked for gravity classification where the classification is known.

Next we simultaneously fit both H, K1, and K2 bands by computing x? between the spectrum of each object in
these libraries and our GPI spectra, in an unrestricted and restricted fit. The unrestricted fit is done with independent
normalization between bands and summing y? for each band. For the restricted fit the normalization can only vary
within the uncertainty in the photometric calibration (Maire et al. 2014). These are displayed in Figure 10. The
definition of x? in the restricted fit is described in Chilcote et al. (2017); we repeat it here for clarity:

X2 comparison between each of our spectra and the kth object in the library is defined as follows:

2 n 2
- F')\i —aﬁ-7 C‘) )\i
@=3 3 | 2) mzm >]
=0 i=0 \/Upj (Ai) + ch,,c(/\i)

2
Bixk—1
2| T

Jj=0

; ()

_|_

summed over j bands and n; wavelength channels in each band. Fj()\;) and o, ()\;) are the measured flux and
uncertainty in the jth band and ith wavelength channel. Cj; and oc;, (\;) are the corresponding binned flux and
uncertainty of the kth object. oy is a scale factor that is the same for each band and f; is a band-dependent scale
factor, chosen to minimize this term. The first term represents the unrestricted x2, where each band can vary freely
by scaling factor 8; . The second cost term compares (§;; to the satellite fractional spot flux uncertainty measured
in each band (Maire et al. 2014).

Lastly, we show the best fit object spectrum from our spectral library overplotted on the GPI spectra in Figure
11. We show these for both unrestricted and restricted cases. The object names, spectral types, and reduced x? are
displayed.

In general, each object is best represented by a mid-to-late L-type spectrum. A lack of spectral standards for gravity
indicators for late L-types limits the gravity classification based on these fits, so we only report the fits to field objects.
The unrestricted and restricted fits generally agree for spectral type. For the unrestricted fit the same object provides
the best fit for both ¢ and e.

Planet c is consistent with spectral type ~ L6, both for the individual band fits and the simultaneous fits. The fits
to low gravity types indicate earlier spectral type, but likely due to a lack of spectral standards for late L to T-type
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Figure 9. Unrestricted: We plot x? between our combined H-K GPI spectra and each object in the library, as a function of
spectral type Top to bottom we plot planets ¢, d, and e. The unrestricted fit allows the normalization to vary between H and
K1+K2 bands.

objects. The H-band spectrum fit, in particular, indicates low gravity (yellow stars). Both unrestricted and restricted
fits yield a spectral type L6.0+1.5 for planet c¢. The best fit object for both fits is 2MASS J10390822+2440446, which
has spectral type L5 (Zhang et al. 2009).

In the case of planet d, the H band spectrum is less peaked. Spectral type ~L4.5 is best fit for both individual
bands and simultaneous fits. Again, the H-band fit tends to favor low gravity. The simultaneous fit gives spectral type
L4.54+2.0 for field and 1.4 £1.5 for VLG objects, for both the unrestricted and restricted cases. The best fit object in
both cases, 2MASS J00360925+2413434, spectral type L6 (Chiu et al. 2006; Schneider et al. 2014).

The individual H and K fits are flatter for e. The H-band and K-band individual fits are consistent with mid-to-late
L-type spectrum. The K-band part of the spectrum is consistent with a wide range of spectral types, extending to
early T, due in part to large errorbars. The simultaneous fit gives spectral type L6.5+2.5 for the unrestricted fit and
L6+2.0. Both restricted and unrestricted cases yield the best fit for 2MASS J1049-5319A, (Luhman 2013) classified
as type L7.5 Burgasser et al. (2013).

Better wavelength coverage would improve spectral type fitting, as well as a larger library of mid-IR spectra and
photometry for comparison objects from the field. More low-gravity standards at late spectral types would also also
improve the VLG fits. Resolving the discrepancy at the edge of K1 and K2 would also help constrain its best fit
spectral type.

3.3. Comparison to model spectra

We compare our HR8799 c¢,d,e spectra with several atmospheric models that have been presented in previous studies
to fit the planet spectra and/or photometry. We consider atmosphere models from Barman et al. (2011) (PHOENIX),
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Figure 10. Restricted: We plot x> between our combined H-K GPI spectra and each object in the library, as a function of
spectral type Top to bottom we plot planets ¢, d, and e. The restricted fit only allows the normalization to vary within the
uncertainty of photometric calibration.

Saumon & Marley (2008), Madhusudhan et al. (2011)? and Baraffe et al. (2015)3. For each set of models, we convolve
the model spectrum with a Gaussian to match the spectral resolution of GPI in H-band, and interpolate to the same
wavelengths of the GPI spectrum. We adjust the radius so that it minimizes y? between the model and our spectra.
The models are only matched to our H and K spectra. We also show broadband photometry (Marois et al. 2008, 2010b;
Galicher et al. 2011; Currie et al. 2011; Skemer et al. 2012, 2014; Currie et al. 2014; Zurlo et al. 2016), previously
compiled in Bonnefoy et al. (2016), leaving out SPHERE H-band points, which are discrepant. Table 2 summarizes
model parameters fit to each planet. Figure 12 displays each model presented in the table alongside our spectrum and
photometry from literature. Each set of models is discussed in detail in the following sections.

3.3.1. PHOENIX model

The PHOENIX (v16) models from Barman et al. (2011) is a set of parameterized models with clouds, where clouds
consist of a complex mixture or particles whose state depend on temperature and pressure. This set of models takes
into account the transition between cloudless and cloudy atmosphere, as seen between L- and T-type objects. This
aim model is designed to identify the major physical properties of the atmosphere. Given degeneracies in the model
between parameters such as gravity, temperature, and cloud thickness, Konopacky et al. (2013) fit wavelength ranges
and features that were most sensitive to each parameter to provide an overall best fit, checking consistency with
broadband photometry. A combination of dynamical stability, age, and interior structure models restricted the fit to
S35 <log g $4.4and 900K S Tepp < 1300K, leading to a model at log g = 4.0 and T, ;y=1100K, moderate cloud
thickness, a large eddy diffusion coefficient K., = 103cm?s~!, and super-solar C/O.

2 http://www.astro.princeton.edu/~burrows/8799,/8799.html
3 https://phoenix.ens-lyon.fr/Grids/BTSettl/CIFIST2011.2015/
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Figure 11. Best fit object to each of HR8799 c, d, and e spectra within the described spectral library. The top panel shows
the unrestricted best fit spectrum to each planet (Zhang et al. 2009; Chiu et al. 2006; Schneider et al. 2014). The bottom shows
the restricted best fit, matching the unrestricted best fit for ¢ and d, and indicating a different best fit for e (Chiu et al. 2006).

We compare this tuned model, normalized (by scaling the radius) to fit each spectrum. We show this alongside other
models in Figure 12. We expect it to match the ¢ spectrum best, since it was tuned to fit the Keck/OSIRIS spectrum
of ¢ (Konopacky et al. 2013). The comparison highlights different features of the three spectra.

The best fitting model from Konopacky et al. (2013) should be most appropriate for ¢, and does a good job matching
both the H and K spectra. The spectrum for d is least similar to this model, especially with a flatter H-band spectrum
and rising slope in K band. It is possibly better represented by a higher effective temperature as with the BT-Settl
model we will show in §3.3.4. The model reasonably fits the spectrum for e, within the large errorbars. This model,
fit to our H-K spectrum is most consistent with the 3 — 5um photometry in all 3 cases.
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Figure 12. Atmospheric models are plotted in various line styles indicated by the legend for HR8799 ¢ (top), d (middle), and
e (bottom). GPI spectra are plotted as magenta bars. Normalized Phoenix models is displayed with a a thick gray line. The
normalized patchy cloud models are plotted in thin solid blue lines, while the fixed patchy cloud models are plotted in dash-dot
lines. Cloud-AFE models are plotted as a dotted line, and BT-Settl models as dashed lines. We also plot broadband photometry
from previous work, with symbols corresponding to each instrument. Black squares correspond to VLT /SPHERE IRDIS (Zurlo
et al. 2016), teal circles to Keck/NIRC2 (Marois et al. 2008, 2010b; Galicher et al. 2011; Currie et al. 2011), green vertical
triangles to LBT (Skemer et al. 2012, 2014), and pink left-pointing triangles to NACO (Currie et al. 2014).
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3.3.2. Patchy cloud model

Models from Saumon & Marley (2008) are evolution models for brown dwarfs and giant planets in the ”hot start”
scenario that include patchy clouds. These are parameterized based on effective temperature, cloud properties (cloud
hole fraction), gravity, and mixing properties, namely a sedimentation parameter fs.q defined in Ackerman & Marley
(2001), the ratio between the sedimentation velocity and the convective velocity scale. These models have solar
abundance, which may not be a valid assumption. Previous atmospheric retrieval studies have suggested a super-solar
metallicity could reproduce the photometry and spectroscopy for at least a subset of the HR8799 planets (Lee et al.
2013; Lavie et al. 2017).

Ingraham et al. (2014) found that while models are able to reproduce the planet SEDs, they are not consistent with
the more detailed spectra, and in some cases require unrealistically small radii. Modeling these objects may require
a combination of cloud opacity, cloud holes, disequilibrium chemistry, and non-solar metallicity to reproduce both
the observed photometry and spectroscopy. Two sets of models were tested, one with fixed radius based on hot-start
evolutionary models, and another where the radius was allowed to vary independent of 7, ;y and log g. We display the
same four models discussed in Ingraham et al. (2014) in Figure 12, in solid thin (free) and dash-dot (fixed) lines.

The first set of models at 1100K have thick clouds with some horizontal variation, to allow the observed J-band
flux. The fixed model chosen for ¢ has fseq of 0.25 and cloud hole fraction of 5%. The fixed model chosen for d has
fsea=0.50 and no holes. Of these two, the former provides a better fit for e. When radius was allowed to vary models
at 1300K best represented the spectra for both ¢ and e. This model has fs.q=1, without cloud holes. The varying
model at 1300K with f.q = 0.5 and 5% holes best fits the spectrum for d.

As in Ingraham et al. (2014) we find the fixed-radius models do not provide a good fit of the spectra and that
sub-Jupiter radii are required 7.y =1300K models. For c, fitting both the H and K spectrum for the best scaling
leads to a poorer fit of the K-band portion. In the case of d neither model fits the flatter H-band spectrum, nor the
rising in K2. For e, the fixed-radius model at 1100K reproduces the peak flux at H and K but does not capture the
band edges. In general, the models do not capture the relative flux between H and K for all three objects. The fits to
the H-K spectra when the radius is allowed to vary under-predicts photometry at 3-5um.

3.3.3. CloudAE-60 model grid

Next, we consider the CloudAE-60 model grid (Madhusudhan et al. 2011), also discussed in Bonnefoy et al. (2016).
These models represent thick forsterite clouds at solar metallicity with mean particle size of 60um. These models do
not account for disequilibrium chemistry. We fit the grid of models between 1100 and 1600K and radius scaling. In
Figure 12 we plot the CloudAE-60 model at effective temperature and radius that minimizes x? in dotted lines.

Table 2. Best fitting models

Planet Model ‘ Radius ‘ Terr (K) ‘ log(g) ‘
HR8799 ¢ PHOENIX (v16) 1.2 1100 3.5
Saumon+ (2008) fized 1.4 1100 4.0
Saumon-+ (2008) 0.8 1300 3.75
Cloud-AE60 0.75 1300 3.5
BT-Settl 0.7 1350 3.5
HRS8799 d PHOENIX (v16) 1.2 1100 3.5
Saumon+ (2008) fized 14 1100 4.0
Saumon+ (2008) 0.8 1300 4.0
Cloud-AE60 0.65 1400 3.5
BT-Settl 0.65 1600 3.5
HR8799 e PHOENIX (v16) 1.3 1100 3.5
Saumon+ (2008) fized 1.4 1100 4.0
Saumon+ (2008) 0.9 1300 | 3.75
Cloud-AE60 1.15 1100 3.5
BT-Settl 0.6 1650 3.5
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This set of models is able to reproduce the K-band spectra of ¢ and e fairly well all the way to band edges. The
model does not match the shape of the d spectrum, neither representing the flatter H-band spectrum, nor the rising
K-band spectrum. We find similar best fitting effective temperature for e as in Bonnefoy et al. (2016). All three cases
produce models that require radii below 1 Rj,,. The models that best-fit the H-K spectra do not match the flux at
3-5 pm.

3.3.4. BT-Settl model grid

Lastly, the BT-Settl 2014 evolutionary model grid for low mass stars couples atmosphere and interior structures
(Baraffe et al. 2015). We consider a temperature range from 1200 - 1700K and gravity range logg =3.0 - 4.0, en-
compassing the best fits shown in Bonnefoy et al. (2016). The grid provides models in steps of 100K; to estimate
intermediate temperatures, we average models to search in steps 50K. We show these best fits in dashed lines along
with the other models in Figure 12.

We find similar best fits for ¢ and d as Bonnefoy et al. (2016). This model better reflects the rising slope in K for
planet d and in this case is roughly consistent with photometry beyond 3um. This set of models also under-predict
flux from 3-5um in some cases. Bonnefoy et al. (2016) similarly noted that this model did not both match Y-H spectra
and the 3-5 pym flux, possibly indicating that it does not produce enough dust at high altitudes. In both studies this
model matches the planet d photometry better than for c.

4. SUMMARY AND CONCLUSIONS

We have implemented the forward modeling approach to recovering IFS spectra from GPI observations of HR8799.
Using this approach we have re-reduced data first presented in Ingraham et al. (2014) with this new algorithm. We
also present new H-band for HR8799 c, d, and e, as well as the first K-band spectra for HR8799e. The HR8799 planet
SEDs have been typically shown to be very similar, but differences in the spectra could indicate different atmospheric
properties (cloud fraction, non-equilibrium chemistry and composition) and/or bulk properties (effective temperature,
gravity). Planet c and d are distinct. With less noisy K-band data we could make a stronger statement about difference
between planet e and the other planets in the system. The H-band spectrum for e may be brighter than the others,
especially with respect to the K band. It is likely the K-band spectrum for e resembles that of d and that our K1
band edge is overestimating the flux. (Any additional comment on the significance of H band vs. K-band
differences wrt cloud properties/ processes/ composition/ etc?).

The following points summarize our results:

e Algorithm parameters can be chosen based on minimizing error in the spectrum by recovering simulated sources,
over a range of algorithm parameters.

e The new H spectra of planets d and e are consistent at the short end with YJH spectra recently published from
the SPHERE/VLT instrument(Bonnefoy et al. 2016).

e The H-K spectrum of HR8799c is statistically different (> 50) from d based on our X?,j measurement.
e All three objects are best matched by mid to late L-type field brown dwarfs from a library of spectral standard.

e The PHOENIX model, based on non-equilibrium chemistry, seems to best reproduce both the H-K spectra and
the 3-5 pm photometry for planets ¢ and e, without requiring unrealistic radii. It’s important to note that this
model was carefully tuned to match the the K band spectrum of planet ¢ in as well as its 3-5um flux (Konopacky
et al. 2013). A general grid of models is not expected to provide this level of detailed fit, however the CloudAE
models produce very similar results from H-K.

e In the case of d, the BT-Settl models seem to represent the H-K spectra the best, while also matching the 3-5um
photometry, but still requires a sub-M j,,, radius.

Generalized model grids are more likely to provide a rough fit, and may produce some unrealistic parameters, such
as sub-Jupiter radii. As we see in the case of the HR8799 planets, despite similar SEDs, the more detailed spectra
show clear differences between them. A new set of dedicated models could help explain differences in composition and
atmospheric processes between the HR8799 planets, especially accounting for effects like non-equilibrium chemistry,
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clouds, and/or non-solar metallicity. Larger spectral coverage could also help inform new models or atmosphere
retrieval.

JWST will be able to deliver spectra at longer wavelength. With lower thermal background, it will help to better
characterize planetary mass companions at 3-5um and beyond. Given the reduced diameter compared to ground-
based 8m-class telescopes, forward modeling may be important for obtaining infrared companion spectra to systems
like HR8799, helping to advance modeling efforts and provide benchmark objects for future high contrast imaging
studies.

This research has made use of the SVO Filter Profile Service (http://svo2.cab.inta-csic.es/theory/fps/) supported
from the Spanish MINECO through grant AyA2014-55216. This research has benefited from the SpeX Prism Library
maintained by Adam Burgasser at http://www.browndwarfs.org/spexprism

Facilities:

Facility: Gemini-S.

Software: PyKLIP (Wang et al. 2015), astropy (Astropy Collaboration et al. 2013), matplotlib (Hunter 2007), Numpy
(Van Der Walt et al. 2011)

APPENDIX
A. A: RESIDUALS

After optimizing KLIP parameters, described in section 2.2, we display the PSF-subtracted data stamp that contains
the planet and the forward model, summed over the bandpass, and the residual between the two (Figure 13). We show
the residual plots for all three planets in each H, K1, and K2 bands, summed over the wavelength axis.

HR8799¢ Forward model HR8799d Forward model HR8799e Forward model

data forward model residual data forward model residual data forward model residual

24000
20000
16000
12000
0

24000

+

-400

~2400 -1500

Figure 13. A summary of the forward model performance for planet ¢ (left) d (middle) and e (right). Sum over each bandpass
of klipped data (left) and the forward model (middle). The rightmost panel shows the difference between these two. Pixel values
are in raw data units.

Noisiness close to the center of the image contributes larger residuals for the forward model of planet e. However,
as can be seen in the Figure 13, the forward model captures the self-subtraction negative lobes. We have taken care
to remove obvious contaminants, like a bad pixel in several wavelength channels near HR8799d.

B. SPECTRUM COMPARISON BY BAND

We show the individual spectra comparisons between HR8799c, d, and e. The compiled figure in the main text is
the addition of all three of these plots.

The H-band comparison shows that the spectrum for e is distinct from the other two, which is also obvious by
qualitative inspection. The spectrum of planet e is overall brighter in the middle of the band, and is not smooth like
the other two.

The K1 spectra show the largest distinction between planet ¢ and d and between ¢ and e. Here, planet e is most
closely similar to planet d. For K2 band the spectra of ¢ and d are still distinct but less-so. There is considerable
overlap between ¢ and e and between e and d. Some of this is likely due to the large errorbars for the spectrum of e.
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Figure 14. Comparison of x? distributions for H band.
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Figure 15. Comparison of x? distributions for K1 band.
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