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ABSTRACT

Detection and characterization of exoplanets faces challenges of smaller angular separation and high contrast
between exoplanets and their host stars. High contrast imaging (HCI) instruments equipped with coronagraphs
are built to meet these challenges, providing a way of spatially suppressing and separating stellar flux from
that of a planet. Another way of separating stellar flux can be achieved by high-resolution spectroscopy (HRS),
exploiting the fact that spectral features are different between a star and a planet. Observing exoplanets with
HCI+HRS will achieve a higher contrast than the spatial or the spectroscopic method alone, improving the
sensitivity to planet detection and enabling the study of the physical and chemical processes. Here, we simulate
the performance of a HCI+HRS instrument (i.e., the upgrade Keck NIRSPEC and the fiber injection unit) to
study its potential in detecting and characterizing currently known directly imaged planets. The simulation
considers the spectral information content of an exoplanet, telescope and instrument specifications and realistic
noise sources. The result of the simulation helps to set system requirement and informs designs at system-level.
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1. INTRODUCTION

Thousands of exoplanets have been discovered to date. Detailed characterization of exoplanets is the logical
next step. Directly-imaged exoplanets are excellent targets for chemical composition study [1-4]. However,
direct imaging and characterization of exoplanets is challenging because of the small angular separation and high
contrast between exoplanets and their host stars. Both constraints can be mitigated by a high-contrast imaging
(HCI) system consisting of an extreme adaptive optics (AO) system and a coronagraphic system. Recently,
Snellen et al. (2015)° suggested that contrast can be further improved by coupling a high-resolution spectrograph
(HRS) with a HCI system. In this HCI+HRS scheme, the HCI system serves as a spatial filter to separate the
light from the star and the planet; HRS serves as spectral filter because of different spectral features of the stellar
spectrum and the planetary spectrum, e.g., different absorption lines and different radial velocities.

Using HRS as a way of spectral filtering has been successfully demonstrated for a number of studies. For
transiting planets, high-resolution transmission spectroscopy has been used to detect molecular gas [6-8]. At
a high spectral resolution, resolved molecular lines can be used to study day-to-night-side wind velocity [6],
providing an ultimate test for 3D exoplanet atmosphere models [9]. For radial velocity detected planets, spectral
lines of a planet can be separated from stellar lines due to drastically different radial velocities (> 50 km s~1).
The radial velocity of a planet can thus be measured to break the degeneracy between the true planet mass
and orbital inclination [10-13]. Moreover, high-resolution spectroscopy permits a detailed study of spectral lines
arising from a planet atmosphere. This approach led to the first measurement of planet rotation velocity [14].
With time-series high-resolution spectroscopy, surface features such as cloud or spot coverage can be inferred
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via the Doppler imaging technique. This technique has been demonstrated on the closest brown dwarf system,
Luhman 16 AB [15].

Combining HCI and HRS, ground-based HCI-HRS instruments can deliver a high contrast level and thus
provide an excellent resource for follow-up observation for directly imaged planets. Here, we provide a pipeline
to simulate HCI+HRS observation. This pipeline considers astrophysical processes and instrumental effects to
produce a realistic simulation. Result of the simulation can be used to set system requirements and shed light
on designs at system-level. We apply the pipeline to a case that concerns ground-based observation of HR
8799 planetary system with the upgraded Keck NIRSPEC and a fiber injection unit (FIU) that connects the
coronagraphic system with the spectroscopic system.

2. DESCRIPTION OF SIMULATION

We describe the procedures to simulate the end-to-end performance of a HCI-HRS system, from the absorption
and thermal emission spectrum of a planet to the reduced spectrum and the subsequent data analyses. Fig. 1
provides the flow chart and the system-related inputs of the simulation. The resulting data products and their
quality, e.g., signal to noise ratio (SNR), will shed light on the system requirements, e.g., coronagraph design
and the performance of the AO system.
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Figure 1. Flow chart for simulation procedures and system-related inputs at certain steps as marked by dashed arrows.
Result of the simulation can be used to set system requirements and inform design at system-level.

The simulation starts with spectra of a star and its planet, which are obtained from multiple sources:
PHOENIX BT-Settl grids [16] for integrated spectra for gas giant planets, SCARLET for molecular-by-molecular
spectra for gas giant planets [17], and photochemistry-thermochemistry modeled atmospheres for low-mass plan-
ets [18-21]. The photon flux of a star or a planet scales with distance, telescope aperture, instrument throughput
and exposure time. In addition, photons are absorbed and re-emitted by the Earth’s atmosphere. We use the
atmospheric absorption and emission spectra from Mauna Kea mountain in Hawaii [22]. At the telescope image
plane after AO and coronagraphic system, star light is attenuated whereas planet light is mostly intact. We use
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the term star light attenuation level to quantify the attenuation factor, i.e., the amount of stellar light entering
spectrograph divided by the total amount of stellar light entering the telescope. The spectrograph is linked to the
AO and coronagraphic system by a single mode fiber, which is positioned at the planet location. Both the planet
light and the attenuated star light enters the spectrograph and is dispersed with a certain spectral resolution.
The dispersed light is then recorded on a detector for which we consider its readout noise and dark current in
error budget. Equation 1 describes the flux recorded on detector, in which f denotes spectrum, i.e., flux as a
function of wavelength, and subscripts denotes sources of spectra, C is the star light attenuation level. Detec-
tor noise sources include readout noise (RN) and dark current (dark). The observed spectrum is then reduced
assuming that certain fraction of atmospheric absorption and emission is removed, which results in a reduced
spectrum. Equation 2 describes the reduced spectrum, where o is the removal level of the Earth atmosphere
and ¢ is the noise based on Equation 1, i.e., the square root of the quadrature summation of photon noise and
detector noise. The reduced spectrum will be further analyzed and turned into data products.

fdetector = (fplanet + fstar X C) X ftransmission + fsky + RN + dark x texpa (1)

freduced = (fplanet + fstar X C) X (1 — o0 X (1 - ftransmission)) + 0 X fsky + 67 (2)

The data products include cross correlation function (CCF) and planet surface brightness map. The CCF
is obtained by cross correlating the reduced spectrum with a synthetic planet spectrum. The cross-correlation
masks out regions that are heavily contaminated by sky emission lines, i.e., wavelengths with sky emission levels
higher than half of flux fluctuation. CCF SNR is defined as the ratio between the CCF peak and the RMS of
CCF outside the peak region (AV > 15,000 km/s). We also ensure that the peak of the CCF is consistent
with the radial velocity of the planetary system. This is because that CCF peak could be due to the residual
of the Earth’s atmosphere for certain species that also exist in the Earth’s atmosphere. Rotation of a planet
causes modulation of surface brightness, which results in periodical variation spectral lines. By analyzing the
time-resolved line variation, surface brightness map can be retrieved using the Doppler Imaging technique [15].
We obtain surface brightness map by generating time-resolved reduced spectrum and analyzing them with the
maximum entropy method [23,24]. We then use CCF SNR and the quality of retrieved surface brightness map
to inform system design and requirement.

3. SIMULATING GROUND-BASED HCI+HRS OBSERVATION OF HR 8799 E
3.1 HR 8799 e

Table 1. Inputs For HR 8799 e Simulation

Telescope/Instrument Values Star Planet

Telescope Aperture 10 m Teyy 7193 K Teyy 1200 K
End-to-End Throughput | 10% log(g) 4.0 log(g) 3.7
Spectral Resolution 37500 Vsin 37.5 km/s | Vsinig 15.0 km/s
Exposure Time 3600 s Orbital Inclination | <40 deg Orbital Inclination | 28 deg
Readout Noise 3.0e7! Radial Velocity -12.6 km/s | Metallicity 0.5 dex
Dark Current 0.01 e~!/s | Distance 39.4 pc Semi-major Axis 17 AU

Planet e is the most challenging planet to observe among all 4 planets in HR 8799 system because of its
proximity to the host star. Following the methods detailed in the previous section, we simulate observations
with a HCI4+HRS instrument (FIU plus upgrade NIRSPEC) at Keck. Input parameters for planet, star, telescope
and instrument are provided in Table 1. Because spectra for exact effective temperature and surface gravity
are not available from the BT-Settle models, we use the spectrum with Tog = 1200 K and log(g) = 3.5 as the
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input planet spectrum. We use the spectrum with Tog = 7400 K and log(g) = 4.0 as the input star spectrum.
Metallicity [Fe/H] is set to zero for both planet and star. We adjust planet and star flux so that the model flux
and the absolute flux measured from photometry is consistent within uncertainty (Fig. 2). We adopt values
from [25] for absolute flux measurement. For template spectrum that is used for cross correlation for planet
detection, we use (1) the same spectrum as the input planet spectrum or (2) the combined single-molecular
spectrum of CO, CHy, and H5O. In the first case, we assume an ideal case in which we have a perfect knowledge
of planet spectrum. In the second case, we have limited information of the intrinsic planet spectrum.
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Figure 2. Top two panels: BT-Settle spectra from HR 8799 e and 51 Eri b and comparison of absolute flux between model
and observation [25] in different photometric bands. Bottom three panels: normalized spectra for individual molecular
species. These spectra are used for detection of molecular species in the atmosphere of HR 8799 e and 51 Eri b.

3.1.1 Limiting Factors for CCF SNR

We consider four cases in CCF SNR calculation (Fig. 3). In case one, CCF SNR is limited by the intrinsic
fluctuation in regions where we calculate noise level, i.e., AV > 15,000 km-s~!. In theory, one can remove the
intrinsic CCF fluctuation by subtracting the noiseless CCF from the noisy CCF. The remaining noise level is due
to photon noise. The photon noise limited case is the second case we consider. It is also the case in which CCF
SNR is the highest because there is no systematics error sources. The limiting photon noise can be from various
sources. At low level of star light attenuation, the dominating noise source is always the photon noise from the
star. At higher level of star light attenuation, the limiting photon noise can be sky background emission (e..g,
L band) or the planet itself (e.g., J, H, K band). The photon noise limited case is the most optimistic case in
which we have perfect knowledge of the planet and the star and the result is not limited by systematics.

In practice, however, we do not know the noiseless planet and star spectra a priori, so we do not know
the noiseless CCF. Therefore, CCF SNR is certainly limited by systematics. In addition to the intrinsic CCF
fluctuation case, we also consider two other cases in which systematics dominates the CCF SNR. We calculate
the spectral line spread function (LSF) of the reduced planet spectrum using the least square deconvolution
(LSD) technique [26]. We compare the peak of LSF and the fluctuation level in regions that are 5 resolution
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elements away from the LSF center. We define LSD SNR as the ratio between the peak and the fluctuation and
plot LSD SNR in Fig. 3. This case delivers comparable or slightly better results than the CCF fluctuation case,
especially at high SNR regime [26].

The last case we consider is a mismatch between the intrinsic and the modeled planet spectrum. For the
intrinsic planet spectrum, we use a BT-Settle spectrum with Tog = 1200 K and log(g) = 3.5. For the modeled
planet spectrum, we combined the single-molecular spectra for CO, CHy4, and H2O. This case gives the lowest CCF
SNR because of the mismatched spectrum and the limiting systematics. This a pessimistic case but highlights
the importance of planet spectrum modeling and a good understanding of systematics in characterizing exoplanet
with the cross correlation method.
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Figure 3. CCF SNR vs. star light attenuation level for HR 8799 e in four cases. Dashed lines indicate planet/star flux
ratio for different bands.

3.1.2 Optimal Band For Planet Detection

Fig. 3 shows CCF SNRs at different levels of star light attenuation. For all cases of CCF SNR calculation, K and
L bands are the optimal bands that deliver the highest CCF SNR. At low level of star light attenuation, L band
outperforms K band. This is because the planet/star flux ratio is low in L band and the photon noise form the
leaked star light plays a relatively less important role. At high level of star light attenuation, K band becomes
the optimal band. The transition of performance between L and K band takes place at star light attenuation
level between ~ 1072 and a few times 10™* depending on different cases.

3.1.3 Sensitivity Gain in HCI+HRS Observation

Compared to ground-based HCI observations of HR 8799 e, HCI+HRS observation provides a significant gain in
sensitivity. In L band, detection significance is 5-10 [27]. Our simulation indicates that, at a level of star light
attenuation of 1072, CCF SNR in L is between 20 (mismatch spectrum case) and 100 (photon noise limited case),
a factor of ~2-20 gain in sensitivity with the help of HRS. This is because HRS serves as an additional filter for
the planet signal. The gain due to HRS is limited by strong sky emission in L band and/or other systematics.
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In other bands in which sensitivity is not limited by sky background but by planet/star flux ratio, we expect
a HCI+HRS instrument provides higher gain in sensitivity. For example, planet/star flux ratio for HR 8799 e
is ~ 4 x 10~°, which may not be seen by a HCI instrument with star light attenuation level of 1073, With a
HCI+HRS instrument, the planet can be detected with a CCF SNR of 70-130 depending on different cases (Fig.
3).

3.1.4 Doppler Imaging

We simulate Doppler imaging observation for HR 8799 e. LSFs are calculated based on the LSD method with
regularization that smooths LSFs at a certain SNR [26]. We analyze LSFs at different rotation phases with the
MEM [23,24]. The MEM minimizes surface artifacts caused by insufficient SNR. The core equation in MEM is:
M = x2—a S, where M is the quantity to minimize, 2 quantifies the difference between input and inferred surface
map, S is the entropy of surface map, and « controls the weight of S in M. The MEM attempts to minimize x?
and maximize S, which is the smoothness of surface map. We follow the MEM detailed in MemSys5 manual [28§],
in which an automatic way of finding an optimal « is given depending on the SNR of the measurement.

LSF SNR is usually comparable with CCF SNR at high SNR regime [26]. We show in Fig. 3 that CCF SNR
or LSF SNR is typically >100 for an hour observation in K band. This allows for measurements of 8 phases
within one rotation assuming that HR 8799 e has the same 8-hour rotation period as Beta Pic b [14]. Assuming
1 Jupiter radius, the rotation velocity of HR 8799 e is 15 km s~!. For faster rotators such as Luhman 16 B,
shorter exposure time is needed in order to sample enough phases within one rotation. In such cases for fast
rotators, LSF SNR would thus be reduced. In our simulation for Doppler imaging, we adopt a 8 by 4 surface
grids along longitudinal and latitudinal direction. The choice of 8 grids along longitudinal direction is due to
limited phase sampling given the exposure time and the rotation period of a planet. The choice of 4 grids along
latitudinal direction is limited by the total number of constraints. There are ~5-6 pixels across each of the 8
LSFs, so the total number of constraints is 40-48. We choose 4 grids along latitudinal direction to ensure the
number of freedom (i.e., 8 X 4 = 32) is fewer than the total number of constraints.
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Figure 4. Simulating Doppler imaging observation for HR 8799 e. The inferred surface map has a 26.0% percentage error
when compared to the input map. The main difference takes place for grids around equator where a portion of these grids
is not visible because of the inclination of the planet (: = 28°). Excluding the grids around equator, the percentage error
is 13.8%.

4. SUMMARY

HCI+HRS is a powerful technique for exoplanet detection and characterization. Compared to HCI, HRS serves
as a spectral filter and brings additional sensitivity when the star light attenuation level is not high enough
to detect an exoplanet. We develop a pipeline to simulate HCI+HRS observation and apply the pipeline to
a benchmark planetary system, HR 8799 e. The simulation provides results to quantify the performance of
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HCI4+-HRS instruments and set system requirements from the science perspective. The requirements will thus
inform design of an HCI+HRS instrument and its sub-systems, such as AO, chronograph, spectrograph and the
FIU that links the coronagraphic system and the spectrograph system. We find that multi-band observation is
important in fully characterizing the atmosphere of a planet. A good match between the planet spectrum and
the model spectrum is critical in increasing the SNR of planet or molecular species detection.
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