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ABSTRACT

The Keck Planet Imager and Characterizer (KPIC), a series of upgrades to the Keck IT Adaptive Optics System
and Instrument Suite, aims to demonstrate high-resolution spectroscopy of faint exoplanets that are spatially
resolved from their host stars. In this paper, we measure KPIC’s sensitivity to companions as a function of
separation (i.e., the contrast curve) using on-sky data collected over four years of operation. We show that
KPIC is able to reach contrasts of 1.3 x 10™* at 90 mas and 9.2 x 1075 at 420 mas separation from the star,
and that KPIC can reach planet-level sensitivities at angular separations within the inner working angle of
coronagraphic instruments such as GPI and SPHERE. KPIC is also able to achieve more extreme contrasts
than other medium-/high-resolution spectrographs that are not as optimized for high-contrast performance. We
decompose the KPIC performance budget into individual noise terms and discuss limiting factors. The fringing
that results from combining a high-contrast imaging system with a high-resolution spectrograph is identified as
an important source of systematic noise. After mitigation and correction, KPIC is able to reach within a factor
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of 2 of the photon noise limit at separations < 200 mas. At large separations, KPIC is limited by the background
noise performance of NIRSPEC.

Keywords: Exoplanets, instrumentation, high-resolution spectroscopy, high-contrast imaging, Keck telescope

1. INTRODUCTION

The direct imaging of exoplanets that are spatially resolved from their host stars is difficult because the diffracted
light of the star is often times orders of magnitude brighter than the exoplanets themselves. Due to changing
atmospheric turbulence and drifts in optical alignment, high-contrast instruments cannot maintain a perfectly
static diffraction pattern of the star. When using images of the diffraction pattern taken at other times to
subtract off the stellar light, the removal is therefore imperfect, and has been shown to limit sensitivity at close
angular separations from the star.!

The combination of high-contrast imaging with high-resolution spectroscopy (HCI+HRS) offers a way to
circumvent the imperfect subtraction of diffracted starlight. The approach works by feeding the light of the
companion and light diffracted from the star coming from the high-contrast imaging system into a high-resolution
spectrograph (R > 10,000). At these spectral resolutions, we can resolve individual spectral lines and use the
fact that the light of the planet has molecular absorption or emission lines that not present in the stellar spectrum
and that are Doppler-shifted relative to the star due to its orbital motion. This has been shown to work well
for both detecting spatially unresolved planets in combined light>* as well as for providing the extra gain in
sensitivity needed to detect spatially resolved planets buried underneath the glare of the star.> " The latter
has generally been done with spectrographs that were not originally conceived nor optimized for high-contrast
performance. However, such optimized instruments are critical in order to reach down to the sensitivities of
terrestrial planets in the habitable zones of other stars when coupled with the next generation of extremely large
telescopes.® 10 The sensitivities needed require HCI+-HRS instruments to reach down to photon noise limits and
not to be limited by systematics in the removal of diffracted starlight.!'!

The Keck Planet Imager and Characterizer (KPIC) is one of the first such instruments that is designed
from the beginning to be optimized for HCI+HRS.!21* Tt feeds the light from the Keck II adaptive optics
(AO) system into the existing NIRSPEC spectrograph!®~17 through a set of four single-mode fibers that sample
different spatial locations in the AO field-of-view. The fiber injection unit (FIU) is used to steer the input so
that the light of companion hidden underneath the diffracted starlight can be coupled into the spectrograph.'3: 18
The single-mode fiber not only provides passive starlight rejection, but active wave front control strategies can
be used with them to further mitigate the amount of starlight that is transmitted to the spectrograph.'? ¥ Since
2020, KPIC has been able to detect and characterize the atmospheres, spins, and orbits of known directly imaged
exoplanets.'® In this work, we use the first four years of KPIC performance to assess its sensitivity limits and
identify the sources of noise that limit the HCI+HRS technique on KPIC.

2. OBSERVATIONS AND DATA REDUCTION
2.1 Observations

The angular extent of each single mode fiber in KPIC is matched to the size of Keck’s diffraction-limited point
spread function (PSF). Each KPIC observation consists, essentially, of probing a single spatial location relative
to the star. We note that KPIC does have 4 fibers, so we actually sample 4 distinct spatial positions. However,
most of these “sky” positions are far from the star, so we choose to ignore the other fibers for this analysis.
Instead, we focus on the fiber that is pointed at the position of a point source of interest. In order to obtain
sufficient sampling for various angular separations from the star, we utilize the multiple years of observations
obtained by KPIC as part of the spectroscopic survey it is undertaking. We select the datasets where weather
conditions were good and the host star was bright, in order to assess the limits of the high-contrast performance.
We list all the observations considered for this sensitivity analysis in Table 1. While the exposure times varied,
they are long enough to assess the instrument performance and only range between 100 and 300 minutes total.
For observations starting in 2021, we have used a nodding technique, where the light from the companion is
injected into two fibers in an alternating fashion. This helps with more accurate subtraction of the instrumental
thermal background.
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For all observations, spectra of the host star are taken at least once an hour for modeling the speckle light that
leaks into the planet spectra. Observations of a standard star are taken right before or after each science sequence
to measure the product of telluric transmission and instrument response. Another standard star (typically an
M-giant) is observed each night to compute the wavelength solution. Lastly, one of the bright telluric standard
stars is observed in all four science fibers in order to measure the position and width of each dispersed fiber trace
across the detector. For the two observations of HD 206893 ¢, we ran speckle nulling routines to minimize the
amount of stellar light coupling into the fiber.!?

Table 1. KPIC Observations Used in this work. All stellar Kmags are from 20 and separations are from 21.

Star | Planet | Separation | Int. Time

Date Target Kmag | Kmag (mas) (minutes) | Detection? | Ref.
2020-07-01 | HR 8799 c 5.240 15.9 951 190 Yes 18,22
2020-07-02 | HR 8799 d 5.240 15.9 689 230 Yes 18,22
2020-07-03 | HR 8799 e 5.240 15.9 398 110 Yes 18,22
2020-09-28 | HR 8799 5.240 - 200 120 No -
2021-10-21 | HR 8799 b 5.240 17.0 1721 280 Yes 18,22
2022-07-20 | HD 206893 B | 5.593 14.9 197 140 Yes 23
2022-11-13 | HD 206893 ¢ | 5.593 16 89 238 No 24
2023-06-16

2023-06-21 | HIP 99770 b 4.422 15.7 420 290 Yes 25
2023-06-29 | GJ 758 B 4.493 18.7 1359 240 No 26
2024-05-23 | HD 206893 ¢ | 5.593 16 50 109 No 24

2.2 Data Reduction

The data reduction for each target follows the procedure outlined in 18 and utilizes the KPIC Data Reduction
Pipeline*. We briefly outline the data reduction process here. First, the raw 2-D detector frames have bad
pixels identified and masked as well as the instrumental thermal background subtracted. Next, 1-D spectra
are extracted assuming a Gaussian line spread function (LSF) and wavelength calibrated. This is done for the
companion spectrum and the host star spectrum. For each object, the spectra from each fiber are averaged
together with a 3-sigma sigma clipping used to remove outliers, and then the spectra are continuum subtracted
using a 100-channel median filter.

Note that the companion spectrum still contains diffracted light of the star (i.e. speckles) that may be
significantly brighter than the flux of the companion. We therefore separate these two components spectrally
using the two-component cross correlation described in 18. This two-component cross correlation approach
essentially searches for both the companion and speckle spectrum simultaneously by varying the planet’s unknown
radial velocity. We use the on-axis star spectrum as the stellar spectrum, since any differences should only result
in changes in the continuum that should be removed in the continuum subtraction process. For the planet
spectrum, we use the same 1400 K atmosphere model from 18 containing water and CO opacities and in which
the pressure-temperature profile comes from the Sonora-Bobcat model grid.?” For each dataset, we obtain a
cross correlation function (CCF) which estimates the planet’s signal as a function of its radial velocity. A clear
peak indicates we have identified a radial velocity for which the companion template matches the signal in the
data and constitutes a detection of the companion. Only a subset of the real companions were detected (see
Table 1 for a list of the detected companions).

For those datasets with non-detections, we injected simulated planetary spectra into the data to determine
the sensitivity level. We used a 1450 K, log(g) = 4.0 BT-Settl-CIFIST spectrum?® to eumulate the fact that

*https://github.com/kpicteam /kpic_pipeline
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Figure 1. Two representative CCF's for a close-in observation with a simulated companion (left) and HR 8799 b, a distant
real companion (right). In the left plot, the CCFs of the model template on the data before accounting for fringing (pink)
and on a random draw of photon noise (cyan) are also shown. In the right plot, the CCF of the model template with
extracted signal of only the NIRSPEC instrument background (gray) is also shown.

our model template is not a perfect match to any real planetary signal. The spectrum was then convolved
with the instrumental LSF, attenuated by the telluric and instrumental response functions, and injected into
the non-detection spectrum at a flux ratio that allowed us to visually identify the planet in the CCF. To avoid
subtle correlations between any real spectral lines in the data, we injected the simulated spectrum with a radial
velocity shift of 150 km/s, which is greater than any planetary orbital velocity. Two example CCFs are shown
in Figure 1 (one simulated and one real).

2.3 Fringing Correction

The assumption that the on-axis stellar spectrum can be used to model the speckle spectrum is not perfectly
correct due to instrumental distortions. In particular, KPIC spectra suffer from fringing due to multiple plane-
parallel transmissive optics along the path.* We refer the reader to 29 for details of the fringing, and we will
briefly summarize the effect here. The entrance window to the NIRSPEC spectrograph is one of these optics,
but it is a static effect that can be calibrated out. However, there are two additional dichroics in the fiber
injection unit that also induce fringing. One of them is downstream of the tip-tilt mirror that steers the field so
that the light of source of interest is injected into the desired fiber. When switching between the star and the
companion, the tip-tilt mirror changes the angle of incidence (6) onto the dichroic. The modulation (T) caused
by this fringing follows the equation

—1
T= [1+Fsin2 (M/\COSH” (1)

where F' = 4R/(1 — R)?, R is the reflectivity of the material, n is the index of refraction of CaFy as a function
of wavelength and temperature, [ is the thickness of the material, and A is the wavelength. Thus, changing 6
causes the fringing to change. The fringe frequency due to the dichroic is ~ 3A, and roughly the same frequency
as the spectra lines in planetary atmospheres, so it cannot be easily filtered out. Instead, we attempt to model
it out in two ways. The simpler method is apply additional fringing to the star data to match the speckle data:

Fspeckle = Lstar X T()\,F,ZCOS 97TC(1F2)' (2)

Here we fit for the reflectance though F', the optical delay through the combined term [ cosf, and the index of
refraction through the temperature of the CaFs glass (Toar,). This is easier to fit for, but not representative of
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Figure 2. In blue is the adopted contrast curve for KPIC showing its sensitivity in terms of planet-to-star flux ratio as
a function of angular separation. Each gray shaded region corresponds to the sensitivity of one dataset used in building
up the contrast curve. The dotted black line indicates the total amount of speckle light that leaks into the fiber at each
separation. The cyan dashed line shows the photon noise limit at small angular separations. KPIC can reach to within a
factor of 2 of the photon noise limit.

reality as changing the angle of incidence between the star spectrum and the speckle spectrum does not create
an additional plane-parallel optic that induces fringing. However, empirically, this seems to work well.

The alternative method is more physically motivated: the fringing effect of the dichroic changes, so we need to
divide the stellar spectrum by the fringing term when we are pointed on-axis on the star (Ts;q,) and multiply by
the fringing term when are are pointed off-axis at the companion (Tpecrie) in order to get the speckle spectrum
from the on-axis star spectrum. The equation requires fitting for the on-axis angle of incidence (0st4,) and the
new angle of incidence (Gspeckie):

T(>‘7 Fa lcos especklea TCaFQ)

F. = 3
specke = Sstar X 03 FL 1008 Oytar, Toar) ®)

This optimization is difficult as the terms 6o, and Ospeciie are highly covariant and the 2-D cost function of
these two parameters is highly multi-modal. We optimize this using a 2-D grid search, but do not find that it
provides a significantly better solution than the previous approximation.

Regardless, we apply either method to all of our observations taken with separations < 200 mas to obtain
a more accurate speckle spectrum. We rerun the cross correlation on these datasets to obtain a better CCF
detection, and use this for assessing our sensitivity. Figure 1 shows one example of the impact of accounting for
fringing on the detectability of a simulated companion.

3. KPIC SENSITIVITY
3.1 Contrast Curve

For each dataset, we can measure the signal-to-noise ratio (SNR) of the detection of either the real or simulated
companion in the CCF. With the known K-band contrast of the detected real companion or the simulated
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K-band contrast of the simulated companion, we can then estimate the K-band flux ratio that would result in
a b-o detection of the companion in the CCF. From empirical testing, we adopt 5-c to be a robust threshold
for claiming the detection of a signal. This analysis assumes that we have perfectly positioned our fiber at the
desired location. Offsets in the pointing should not be a significant bias, as we have shown that we can offset to
companions out to 1500 mas with an accuracy of better than 10 mas (a 10 mas offset corresponds to a ~10%
loss in coupling, which itself should not significantly affect these results).

In Figure 2, we compile the sensitivity of each dataset as a gray shaded curve. The sensitivities are not delta
functions because the fiber does have a finite coupling region, which the amount of flux coupling decreasing as
a function of distance from the fiber. We approximate this fiber coupling profile using a perfectly diffraction-
limited point spread function created by the Keck II primary mirror to compute the amount of light injected
as a function of distance from the fiber. This results in near-parabola like curves for each dataset/pointing (of
approximately constant angular width).

Some datasets were taken around fainter stars, in worse conditions, or earlier in time when instrument
performance was not fully optimized. Not including these, we construct a nominal KPIC contrast curve in
Figure 2 in blue. We also list the measured values in Table 2. For comparison, we also calculate the total
amount of stellar speckle light in the companion fiber to show the level of post-processing gain. The level of
post-processing gain on average is ~60x. For the separations < 400 mas, we also estimate the stellar photon
noise floor of our observations.

KPIC is able to reach down to a contrast of 1.3 x 10~* at 90 mas separations from the star. This is within the
inner working angles of GPI and SPHERE (see Section 3.3) and reaches planet-level sensitivities (for reference,
B Pictoris b has a K-band flux ratio of 2.1 x 107%).3° KPIC also achieved a contrast of 9.2 x 107¢ at 420 mas
from the star. This is two times better than the K-band contrast of AF Lep b,3! and shows that KPIC is able
to characterize exoplanets at high contrast. We note that the worsening of contrast at large angular separations
beyond 1 arcsec is merely due to reaching the apparent magnitude limit around stars of different brightness (see
the following section and Figure 3).

Table 2. KPIC Sensitivity

Separation (mas) | Flux Ratio | Kmag | Photon Noise Limit
50 4.4x107% | 14.0 1.8 x 1074
90 1.3x107* | 15.3 8.8 x 107°
200 6.6 x 107° | 15.7 3.9x107°
420 9.2x107% | 17.0 8.8 x 107
1359 6.9x107% | 174 -
1721 1.3x107° | 174 -

3.2 Apparent Magnitude Sensitivity Curve

Another way to look at the sensitivity of KPIC is to consider how faint of a companion can be detected by KPIC.
We expect that dispersing the light of a planet across tens of thousands of spectral channels would impact how
faint of a object we can see, even if the host star is completely suppressed. In Figure 3 and Table 2, we show
sensitivity curves for KPIC in units of apparent K-band magnitude as a function of separation from the star.
We separate the performance between KPIC Phase I'? and Phase II,'* given multiple improvements were made
in Phase II to improve the total end-to-end throughput of the instrument — which leads to a gain in sensitivity of
about 0.5 mags. In both cases, we see the curve flatten out at larger separations, indicating we reach some sort
of floor in sensitivity, where the amount of starlight leaking into the fiber no longer matters. For KPIC Phase
I1, this corresponds to an apparent K-band magnitude of 17.4.

To confirm that we are indeed limited by detector noise, we extracted spectra in portions of the detector
illuminated by the slit but not illuminated by fiber light (there are four resolution elements between each fiber
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Figure 3. Sensitivity of KPIC in terms of apparent K-band magnitude as a function of separation. The performance of
KPIC Phase I is plotted in cyan and KPIC Phase II is in blue. KPIC Phase II, as expected, has better sensitivity due to
improved throughput. In both cases, at larger separations from the star, the sensitivity levels off.

on the detector). We perform the same cross correlation described in Section 2.2 to obtain CCFs of the thermal
background. We confirm that the scatter in the thermal background CCF's matches the wings of the CCF where
we have a detection. This provides confirmation that the instrument background limits KPIC at the largest
separations from the star (e.g., Figure 1).

3.3 Comparison with Other High-Contrast Instruments

We compare the high-contrast performance of KPIC to other high-contrast instruments operating at K band in
Figure 4. For other spectrographs that also use cross correlation to detect companions, we use the CCF SNRs
obtained on B3 Pictoris b from CRIRES,”> SINFONI® and CRIRES+,3? along with the CCF-based contrast
curve from OSIRIS observations of SR3.” Note that some of these CCF contrast curves are limited to only
a single separation. We also include other high-contrast imagers and interferometers. which detect planets in
different ways as they do not use the same spectral cross correlation techniques. We include the contrast curves
from SPHERE/IRDIS observations of Sirius,** GPI observations of 51 Eri b3* processed with the Forward
Model Matched Filter technique,*® SPHERE Sparse Aperture Masking (SAM) observations,®® the compilation
of VLTI/GRAVITY observations,*” and JWST/NIRCAM observations of HIP 65426 in the F250M filter, which
is the closest in wavelength3® to our KPIC data.

There are some caveats when comparing contrast curves derived from different instruments taken with varying
integration times and processed with different data analysis methods. Thankfully, the large majority of these
observations involve acquisitions spanning over 1 hour in wall-clock time, mitigating the differences in exposure
times. We also tried to pick out the best contrast curves available in K band for each instrument. The achieved
contrast is also dependent on host-star brightness, so typically brighter contrast can be achieved on brighter stars.
In that regard, the SPHERE Sirius observations could be seen as an outlier given the star is orders of magnitude
brighter than the rest of the sample. Similarly, the OSIRIS and JWST contrast curves may be pessimistic given
that SR3 and HIP 65426 are fainter than the rest of the sample.

There are also inherent instrument-specific differences. The medium- and high-resolution spectrographs,
including KPIC, OSIRIS, SINFONI, CRIRES, and CRIRES+, utilize spectral CCF techniques that discard
continuum information for detection purposes. Given that planets are brightest at continuum wavelengths where
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Figure 4. Comparison of the KPIC K-band sensitivity (blue) with other high-contrast imaging instruments.

there are no absorbing molecules, this will inherently limit CCF techniques from reaching the faintest planets.
GPI and SPHERE also equipped with adaptive optics systems that can correct more higher-order modes, resulting
in less speckle light around the star and more planet photons.

Out of all of the spectrographs considered that use CCF-based detection techniques, KPIC has the best
published high-contrast performance, demonstrating the value of HCI+HRS techniques. We note other spectro-
graphs, such as SINFONI and OSIRIS, should have significantly better sensitivity to companions further out
compared to KPIC (e.g., 39 and 40), but here we focus on high-contrast capabilities. We notably do not compare
against the JWST /NIRSpec high-contrast performance given that it focuses mainly on much longer wavelengths,
but the JWST/NIRSpec performance at face value lies between the OSIRIS and KPIC curves.*!

Also, with the single mode fiber technology, we are able to reach interesting sensitivities (~ 107%) at sep-
arations less than 200 mas, which is inside the inner working angle of GPI, SPHERE, and JWST/NIRCAM.
This is corroborated by the performance of GRAVITY at similar separations (50 to 200 mas), which achieves
better sensitivity through having 130-meter baselines, separating out the planet in phase, and utilizing the
full continuum information of the planet for detection. Both GRAVITY and KPIC demonstrate better high-
contrast performance near the diffraction limit than other single-telescope interferometry techniques, such SAM
on SPHERE.

4. LIMITING NOISE SOURCES
4.1 High-Contrast Sensitivity Limits

In this section, we focus on the 50-400 mas separation region, where the contrast curve improves as the fiber
moves further from the star. Qualitatively, this means our ability to filter out the light of the speckles becomes
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Figure 5. Examples of Lomb-Scargle periodograms before (left column) and after (right column) we replaced the
dichroics with wedged versions. In each column, we show the Lomb-Scargle periodogram of the speckle spectrum (black),
the residuals after the scaled on-axis stellar spectrum is subtracted from the speckle spectrum (red), and residuals after
our model of the fringed spectrum described in Section 2.3 is subtracted from the speckle spectrum (cyan). The bottom
panel is a zoomed in version of the top panel to see the scale of the residuals. It is clear that we can substantially model
away the fringing, but that wedging the dichroics allows us to almost fully mitigate the effect by itself.

the limiting factor. At 400 mas, we successfully reach the photon noise limit, which means that the systematics
are not limiting here and that longer exposure times could allow us to go deeper.

Within 400 mas, KPIC does not (yet) reach the photon noise limit. As described in Section 2.3, fringing is
a significant concern, given the fact that the stellar speckle light is orders of magnitude higher than the planet
flux. We have tackled fringing in two ways. First, we can use our fringing models described in Section 2.3 to
forward model what the effect of fringing should be on the speckle spectrum. Second, in the spring of 2024,
we have replaced the KPIC dichroics in the fiber injection unit with wedged versions that should mitigate this
effect.?”

We confirm that both methods are effective and even can be used in tandem in Figure 5 (see 29 for a more
in-depth analysis). With the new dichroics, the fringing signal has almost entirely disappeared, and is difficult
to see except in analysis of residuals. Either way, our fringing models can be used to forward model out any
residual fringing. With both the wedged dichroics and additional fringe modeling, the fringing signal has been
reduced to the level of the noise (bottom right panel of Figure 5).

With the mitigation of fringing, we are within a factor of 2 of the photon noise limit at separations between
50-200 mas (Figure 2). While fringing is weak enough now that we do not believe it is the limiting factor, there
may be other systematics that appear when trying to model starlight that is > 50x brighter than the companion.
For example, imperfect modeling due to time-varying telluric features could be an issue given our observations
span more than 1 hour typically. A second issue could be systematics in accurately extracting the flux at the 1%
level. If there are systematics in extracting the combined speckle plus planet light, such data reduction artifacts
could overwhelm the signal of the planet if the speckle light contribution is very high. Lastly, there may be
other unknowns in our complex system that we have not identified, given the number of optics in KPIC. Further
work in investigating the source of the remaining systematics is needed. We are very close to the photon noise
limit, however, which shows the promise of HCI+HRS to overcome the systematics created by speckles in high
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Figure 6. Left: An example image of the thermal background of KPIC in K-band. Nine horizontal echelle orders are
seen, with longer wavelengths going to the right and towards the top of the image. In addition to the thermal background
through the slit, an elevated dark signal not coming from the slit is seen on the detector'” Right: The top plot shows
the median flux between columns 1000 and 1100 as a function of row number for both the full thermal background (red)
as well as a dark frame where a cold stop is inserted so that no light from the slit is landing on the detector (blue).
The bottom plot shows the fraction of the total instrument background that comes from the slit. Even at the longest
wavelengths, the majority of the background is due to the elevated dark signal.

contrast imaging systems.

4.2 Faint Objective Sensitivity Limits

Given that the noise in the thermal background limits the sensitivity of KPIC, we examine what contributes to
the thermal background of the NIRSPEC detector array (previously characterized by 16,17). The main difference
here is that we use a KPIC-specific pupil stop that is matched to our beam size, so we get a different amount of
thermal background coming onto the NIRSPEC detector. We note that the fibers themselves also have a slightly
different emissivity than the rest of the KPIC optics, but this difference is very small and negligible for the
purposes of considering limiting noise sources. The sources of noise we consider are read noise from the detector,
the photon noise due to the elevated dark signal in NIRSPEC, and the photon noise due to the thermal emission
of the warm fiber extraction unit (FEU) optics that goes through the slit.

In Figure 6, we show an image of a thermal background frame (including both the dark signal from NIRSPEC
and the thermal emission through the slit). The read noise is calculated in 17 to be 9.8 electrons, so it will be
significantly lower than the 20-30 electrons of photon noise expected given the 400-900 electrons measured in the
thermal background frame. When comparing the thermal background frame to one where a cold stop is inserted
in the beam to block out all warm thermal emission coming in through the slit, we see in the right panel of
Figure 6 that the previously identified elevated dark emission'” is the main source of our instrument background,
and thus the photon noise from the elevated dark signal is the main limiting noise source for KPIC. If this can
be removed through the identification and masking of possible stray light in the detector, then the background
noise in the order covering 2.3 pm (our best order for making CCF detections; rows 1300-1500 in Figure 6) will
be reduced by a factor of 3, resulting in an improvement of over 1 magnitude in sensitivity. Improvements to
the end-to-end through such as higher Strehl ratios, better fiber coupling, or a higher throughput system would
also improve the CCF SNR in this detector-noise-limited regime.

5. CONCLUSIONS AND FUTURE WORK

Through a careful assessment of the high-contrast performance of KPIC, we find that the HCI+HRS technique
provides improved sensitivity over previously published CCF-based detection approaches. However, KPIC still
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has not reached the same level of sensitivity as the best datasets from GPI, SPHERE, and GRAVITY, although
KPIC can reach sensitivities at the 10~%-level at 50-200 mas separations, which is within the inner working angle
of GPI and SPHERE. At the smallest separations (50-200 mas), KPIC is within a factor of 2 of the photon noise
limit after accounting for fringing effects in the spectrum. Future work is needed to identify what remaining
sources of systematics limit the high-contrast performance given that the fundamental photon noise limit is
within reach. Improvements to the adaptive optics system or new wavefront sensing and control techniques that
reduce the amount of stellar speckle light leaking in the fiber should also help with both systematics and the
stellar photon noise limit.'® For the faintest objects, KPIC is limited by the photon noise due to the elevated
dark signal in NIRSPEC and overall system throughput. Mitigating this dark signal or improving the end-to-end
efficiency of the system would improve the CCF SNR in this limit.

The lessons learned from KPIC are applicable to other instruments that utilize HCI+HRS techniques. The
HiRISE instrument at VLT*? and the REACH instrument at Subaru®® may encounter similar limiting noise
sources, although both use newer spectrographs that may have better performance. The upcoming HISPEC
instrument will replace KPIC at Keck and offer significantly better faint object sensitivity due to its better
throughput, wider wavelength grasp, and lower instrument background.® The broader wavelength coverage,
better end-to-end throughput, and any future upgrades to the adaptive optics system at Keck will also help
with the high-contrast imaging performance of HISPEC, especially if the photon noise limit can be reached.
Continued effort in improving stellar speckle spectral calibration is important as reaching the photon noise limit
is needed for similar kinds of instruments to search for spectral signatures of habitability in terrestrial exoplanets
on the extremely large telescopes.'!
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