This is a copy of the published version, or version of record, available on the publisher’s website. This version

does not track changes, errata, or withdrawals on the publisher’s site.

Fringing analysis and forward modeling of Keck Planet
Imager and Characterizer (KPIC) spectra

Katelyn A. Horstman, Jean-Baptiste Ruffio, Jason J. Wang, Chih-Chun Hsu, Ashley Baker, Luke
Finnerty, Jerry Xuan, Daniel Echeverri, Dimitri Mawet, Geoffrey A. Blake, Randall Bartos, Charlotte
Z. Bond, Benjamin Calvin, Sylvain Cetre, Jacques-Robert Delorme, Greg Doppmann, Michael P.
Fitzgerald, Nemanja J. Jovanovic, Ronald Lopez, Emily C. Martin, Evan Morris, Jacklyn Pezzato,
Garreth Ruane, Ben Sappey, Tobias Schofield, Andrew Skemer, Taylor Venenciano, J. Kent
Wallace, Ji Wang, Peter Wizinowich

Published version information:

Citation: Katelyn A. Horstman et al., Proceedings Volume 13096, Ground-based
and Airborne Instrumentation for Astronomy X; 130962E (2024)

DOI: https://doi.org/10.1117/12.3018020

Copyright 2024 Society of Photo-Optical Instrumentation Engineers (SPIE). One print
or electronic copy may be made for personal use only. Systematic reproduction and
distribution, duplication of any material in this publication for a fee or for
commercial purposes, and modification of the contents of the publication are
prohibited.

This version is made available in accordance with publisher policies. Please cite only
the published version using the reference above. This is the citation assigned by the
publisher at the time of issuing the APV. Please check the publisher’s website for any
updates.




Fringing analysis and forward modeling of Keck Planet
Imager and Characterizer (KPIC) spectra

Katelyn A. Horstman®*, Jean-Baptiste Ruffio”, Jason J. Wang®, Chih-Chun Hsu¢,
Ashley Baker®, Luke Finnerty?, Jerry Xuan?®, Daniel Echeverri®, Dimitri Mawet®¢, Geoffrey A.
Blake™, Randall Bartos®, Charlotte Z. Bondf, Benjamin Calvin?, Sylvain Cetre®,
Jacques-Robert Delorme”, Greg Doppmann®, Michael P. Fitzgerald®, Nemanja Jovanovic?,
Ronald Lopez?, Emily C. Martin!, Evan Morris', Jacklyn Pezzato®, Garreth Ruane®®,
Ben Sappey®, Tobias Schofield®, Andrew Skemer!, Taylor Venenciano®, J. Kent Wallace®,

Ji Wang!, and Peter Wizinowich"

2Department of Astronomy, California Institute of Technology, Pasadena, CA 91125, USA
bCenter for Astrophysics and Space Sciences, University of California, San Diego, La Jolla, CA
92093
“Center for Interdisciplinary Exploration and Research in Astrophysics (CIERA),
Northwestern University, 1800 Sherman, Evanston, 1L, 60201, USA
dDepartment of Physics & Astronomy, 430 Portola Plaza, University of California, Los
Angeles, CA 90095, USA
¢Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr.,Pasadena,
CA 91109, USA
fUK Astronomy Technology Centre, Royal Observatory, Edinburgh EH9 3HJ, United Kingdom
&Department of Astronomy, University of California at Berkeley, CA 94720, USA
"W. M. Keck Observatory, 65-1120 Mamalahoa Hwy, Kamuela, HI, USA
Department of Astronomy & Astrophysics, University of California, Santa Cruz, CA 95064,
USA
JCenter for Astrophysics and Space Sciences, University of California, San Diego, La Jolla, CA
92093
kPhysics and Astronomy Department, Pomona College, 333 N. College Way, Claremont, CA
91711, USA
'Department of Astronomy, The Ohio State University, 100 W 18th Ave, Columbus, OH 43210
USA
MDivision of Geological & Planetary Sciences, California Institute of Technology, Pasadena,
CA 91125, USA

ABSTRACT

The Keck Planet Imager and Characterizer (KPIC) combines high contrast imaging with high resolution spec-
troscopy (R~35,000 in K band) to study directly imaged exoplanets and brown dwarfs in unprecedented detail.
KPIC aims to spectrally characterize substellar companions through measurements of planetary radial velocities,
spins, and atmospheric composition. Currently, the dominant source of systematic noise for KPIC is fringing, or
oscillations in the spectrum as a function of wavelength. The fringing signal can dominate residuals by up to 10%
of the continuum for high S/N exposures, preventing accurate wavelength calibration, retrieval of atmospheric
parameters, and detection of planets with flux ratios less than 1% of the host star. To combat contamination
from fringing, we first identify its three unique sources and adopt a physically informed model of Fabry-Pérot
cavities to apply to post-processed data. We find this strategy can effectively model the fringing in observations
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of bright stars, reducing the residual systematics caused by fringing by a factor of 2. Next, we wedge two of the
transmissive optics internal to KPIC to eliminate two sources of fringing and confirm the third source as the
entrance window to the spectrograph. Finally, we apply our previous model of the Fabry-Pérot cavity to new
data taken with the wedged optics to reduce the amplitude of the residuals by a factor of 10.

Keywords: exoplanets, instrumentation, high contrast imaging, high resolution spectroscopy, Keck telescope,
fringing

1. INTRODUCTION

The goal of the Keck Planet Imager and Characterizer (KPIC) is to spectrally characterize exoplanets by mea-
suring their radial velocities, spins, and atmospheric parameters. KPIC also seeks to develop key technologies to
search for biosignatures, or signs of life, on potentially habitable planets outside our solar system. Achieving the
photon noise limit for KPIC observations is difficult and requires an accurate model of the data that accounts for
the spectra of the host star and companion, as well as characterizable systematics, such as atmospheric variability
or optical fringing.

KPIC (R~35,000)(1; 2) is a fiber fed, high contrast imaging instrument suite that interfaces with the high
dispersion NIRSPEC echelle spectrograph on Keck 2 (3; 4). KPIC residuals show systematic fringing, or periodic
oscillations in the continuum flux as a function of wavelength, visible within both NIRSPEC (5) and KPIC (6).
This type of fringing is caused by transmissive optics or the detector itself acting as a Fabry-Pérot cavitiy within
the instrument and is present in instruments such as the high-resolution iSHELL spectrograph (R ~ 80, 000) (7)
and in the Medium Resolution Spectrograph (MRS) of JWST/MIRI (8).

For high signal-to-noise (S/N) observations, the fringing amplitude can reach up to 10% of the stellar con-
tinuum in KPIC (6), overwhelming the photon noise for a typical observation. This poses problems for fitting
stellar spectra used for deriving wavelength solutions, retrieving accurate elemental abundances in exoplanet
atmospheres, and detecting faint planets as the fringing signal can overwhelm spectral features on the order
of 1% the stellar continuum, especially if the fringing period is commensurate with spectral patterns in the
target atmosphere. Several different attempts have been made to mitigate the fringing signatures. For temporal
observations of Hot Jupiters, (9) removed the time-varying fringing signal attributed to the KPIC optics by
using PCA analysis. For directly imaged companion observations, (10) incorporated a physics-based approach
to model the contaminated residuals of their spectra to account for extra systematics, while (11; 12) applied
a Fourier filter to remove the main frequencies associated with the periodic fringing signal. In this work, we
explore another method to mitigate the fringing signal as well as alter physical optics to address the systematics
outside of post-processing.

In section 2, we explain how several transmissive optics in KPIC/NIRSPEC act as Fabry-Pérot cavities and
the properties of each unique optic related to the transmission of the fringing signal. In section 3, we create a
physically informed model of Fabry-Pérot cavity to mitigate the fringing signal caused by each transmissive optic
in KPIC/NIRSPEC. In section 4, we describe the application and results of applying the model of Fabry-Pérot
cavities to on-sky observations. Finally, in section 5 we describe how we changed the physical optics themselves
to remove the most difficult to characterize fringing signals and reapply our Fabry-Pérot cavity model to on-sky
observations incorporating the new optics.

2. FABRY-PEROT CAVITIES WITHIN KPIC/NIRSPEC
2.1 Fabry-Pérot cavities
Fabry-Pérot cavities are made of parallel interfaces with non-zero reflectivity and can create regular fringes from
constructively and destructively interfering light (13). The transmittance of a single cavity is given by:
(1-R)? 1
~1_2Rcoso + R2 1+Fsin2(%) (1)

T

where R is the reflectance of the surface of the cavity, F' is coefficient of finesse, and § is the phase difference.
The optical path length can be expressed as:
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Figure 1: Optical path of KPIC/NIRSPEC. All transmissive optics are represented and labeled in the diagram in
green. The following abbreviations are used: Deformable mirror (DM), wavefront sensor (WVS), tip-tilt mirror
(TTM), fiber extraction unit (FEU), and tracking camera (TC). The properties of the transmissive optics are
explained in subsection 2.2. Figure adapted from Figure 4a in (15).

§= 2;21# cos 6 (2)

where A represents the wavelength of light, n,l are the index of refraction and thickness of the cavity, and 6
is the angle of incidence (14). Therefore, the period only depends on the physical properties of the optic and
wavelength of light propagating through the system.

However, in certain cases, transmissive optics can unintentionally act like Fabry-Pérot cavities. When the
two surfaces of a transmissive optic are extremely parallel, they can form a Fabry-Pérot cavity, causing light to
reflect back into its optical path. This happens when the coherence length of the light is larger than the size of
the cavity, producing fringes or ghosts. Several transmissive optics used in KPIC and NIRSPEC can act as such
cavities, as illustrated in Figure 1.

At 2 pm and with a refractive index of 1.5 at the resolution of KPIC, the coherence length is around 4
cm. Any unwedged optic thinner than this coherence length, could create a Fabry-Pérot cavity. subsection 2.2
describes the properties of the transmissive optics in KPIC/NIRSPEC that lead to exactly this behavior.

2.2 Properties of KPIC/NIRSPEC transmissive optics

NIRSPAO fringes have been well documented and are likely a result of the transmissive entrance window of
NIRSPEC, impacting both NIRSPAO and KPIC/NIRSPEC data (5; 16; 17; 18; 19). However, these fringes
are not as strong when the instrument is seeing-limited because of the low spatial coherence of the beam. The
entrance window is made from calcium fluoride, which has a refractive index of 1.423 at 2 um, is 7.5 mm thick,
and is not coated in any additional material. The characteristics of the window are consistent with a 2A feature
induced by a Fabry-Pérot cavity, both in amplitude and period, when modeled using Equation 1.

Additionally, KPIC has with two identical dichroics that are transmissive in K and L band and reflective in J
and H band. One dichroic is designed to send reflected light to a wavefront sensor and the other dichroic to send
reflected light to a tracking camera, shown in Figure 1. Both dichroics are also constructed from calcium fluoride
and are each 5 mm thick. These optics have a parallelism of less than 2.5”, which translates to approximately
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5 mas on the sky when accounting for the beam compression factor. The theoretical reflectance of the entrance
face is approximately 3.5%, while the reflectance of the exiting face is estimated to be 2.5% in K-band. Even
though each dichroic has low finesse, it is sufficient to induce significant fringing since incoherent ghosting scales
as R? instead of 2R for coherent light. The characteristics of each dichroic replicate a beating fringe pattern
seen between 3-4 A, where the period changes due to a changing optical path length caused by switching the
fiber position during observations. Importantly, the identical dichroics create fringe patterns that combine with
each other, causing high spatial and temporal variability of both the fringing amplitude and phase.

3. PHYSICALLY MOTIVATED FORWARD MODELING OF FABRY-PEROT
CAVITIES

Assuming the transmissive optics act as Fabry-Pérot cavities, we incorporate the physically motivated transmis-
sion, from Equation 1, into a forward model of on-sky observations. We model our KPIC observations of each
target using the python package breads* (20), following the same methods used in (11; 12).

We define our forward model as,
d= MRV¢ +n, (3)

where d is the data vector of size Ny, MRy represents the linear model, ¢ represents the linear parameters, and
n is a random vector of the noise with a diagonal covariance matrix X, where X = 3¢s2. X is defined using
both the data vector and the standard deviation of the noise, and is multiplied by a free parameter scaling factor
52 to account for any underestimation of the noise.

The non-linear parameters in our model include airmass and precipitable water vapor content at the observa-
tion site (W.M. Keck Observatory) to inform our telluric model, the radial velocity, v sin, effective temperature,
log(g), and metallicity of the host to inform our stellar model, the amplitude of the stellar signal, and the number
of nodes used in a 3" order spline model of the stellar continuum. We introduce eight additional parameters to
account for the fringing based on the physical model of a Fabry-Pérot cavity:

1 1 1
= X X
1+ F, Sinz(%;_bo) 1+ F SiIl?(%) 1+ F Sin2(a2)\/\+b2)

(4)

where F is still the coefficient of finesse, but parameters a and b are used within a linear model to parameterize
the phase. Since both dichroics have the same optical properties, we allow them to share a coefficient of finesse,
which ultimately dictates the amplitude of the sinusoidal waves.

4. APPLICATION TO DATA
4.1 Data reduction

Spectra were reduced using the KPIC Data Reduction Pipeline (DRP) T following the same procedure as described

n (21). In summary, the KPIC DRP performs background subtraction, bad pixel correction, and spectral trace
calibration to determine the location and width of each of the nine NIRSPEC spectroscopic orders, orders 31-39,
on the detector for each of KPIC’s four fibers. In general, the most used KPIC order is 2.29 — 2.34 ym (order
33), which coincides with the CO bandhead. In our applications of the Fabry-Pérot cavity model, we focus on
fitting order 33 as it is one of the easiest to fit that contains usable science content.

As part of the nightly KPIC calibrations, we take spectra of early M giant stars, which have narrow spectral
lines due its slow rotation, to anchor and derive a wavelength solution for each spectroscopic order. The spectral
lines from the M-calibrator star and telluric lines from the atmosphere are modeled with a PHOENIX model (22)
and the Planetary Spectrum Generator (23), respectively, to obtain best fit parameters for the final wavelength
solution in each order.

The difficulty of using this model lies in the fact that the fringe phase depends on the angle of incidence
on the cavity. While it is believed that the NIRSPEC entrance window remains stable, the fringing caused by

*https://breads.readthedocs.io/en/latest/
Thttps://github.com/kpicteam/kpic_pipeline
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Figure 2: Normalized (data/model) fringing signal extracted from the A0 calibration star Zeta Aquilae in order
33 (2.29 — 2.34 um). Top: Zoomed in fringing signal fit to normalized stellar spectrum using Equation 4. The
blue line depicts the data, while the model is in orange and the residuals are in green. Bottom: Same as top
panel, except for the entire order. Best fit parameters can be found in Table 1.

zet Aql HR 8799 HIP 61960
Fy | 53%x1072 | 1.9x 107t [ 6.3 x 1071
ay | —5.0x10% | —=5.0 x 10% | —1.1 x 10°
by | 6.8 x 104 6.8 x 10* 6.9 x 10*
Fi | 15%x107" | 1.6 x107' | NA
ar | —=5.4x 10" | 5.8 x 10! NA
by | 4.0 x 10* 4.0 x 104 NA
a1 | —7.8x10' | —=7.4 x 10" | NA
as | 4.0 3.4 NA

Table 1: Best fit forward modelling parameters to Equation 4. The fit to Zeta Aquilae is to the normalized
(data/model) fringing signal, while the fit to HR 8799 and HIP 61960 is to the stellar spectrum, with parameters
corresponding to unwedged and wedged dichroics respectively.

the KPIC dichroics is highly variable since changing the fiber used for observation or offsetting to an off-axis
companion changes the phase of the fringes. The distance between fibers, 0.8”, roughly corresponds to one-third
of a fringe wave. Consequently, developing a single model to account for fringing in every observation is difficult.

Thus, instead of developing a singular model for all observations, we create a framework for fitting a model to
a variety of observations. First, we extract the fringes from a spectrum with few stellar or telluric lines by dividing
our data by the best fit model for a AOV telluric calibration star. We fit our mathematical model, Equation 4, to
the extracted empirical fringes to find values for each of the eight parameters. We implement a grid search over
a space that is consistent with physical model parameters, matching in expected amplitude and phase, and check
that the residuals are consistent with noise. We execute the grid search in several stages. First, we constrain
the individual phases (a,b) for each dichroic separately, then we perform an additional search to constrain the
two remaining amplitude terms (Fp, Fy). After using the grid search to find rough global parameters, we run a
Nelder-Mead optimization to find the best fit parameters. Figure 2 shows the fringe extraction and fitting for
an example AQV star, Zeta Aquilae while Table 1 shows the fitting results to each parameter.

4.2 Application to FOV host star

To test our model of observations on a host star, we again applied the fringing model to a spectrum with very few
stellar lines to evaluate its performance with minimal noise sources. We applied the fringing parameters found
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Figure 3: Example of forward modeling of the KPIC fringing signal, before wedging the dichroics, on a telluric
calibrator star. Top: Spectrum of HR8799 after incorporating a fringing signal in the forward model framework.
The data is in blue, the model is in orange, and the residuals (data-model) are in green. Middle: The resid-
uals of the model including the fringing signal and the model not including the fringing signal. The residuals
incorporating the fringing model are in blue, while the residuals that do not have any fringing mitigation are in
orange. Bottom: A Lomb-scargle periodogram of the residuals of the model including the fringing signal and
the model not including the fringing signal. The residuals incorporating the fringing model are in blue, while
the residuals that do not have any fringing mitigation are in orange. The fringing signal due to transmissive
optics within KPIC/NIRSPEC are clearly suppressed at 2A and between 3-4 A by the quantitative modeling
framework, reducing the amplitude of the residuals by a factor of 2.

in Table 1 for Zeta Aquilae to an on-axis, bright star, HR 8799, as a best guess. We then ran a Nelder-Mead
optimization to find the best fit parameters for our HR 8799 observation.

Figure 3 shows the fit of the forward model incorporating the fringing signal. The model was able to replicate
the fringing pattern from all three sources, suppressing the fringing signal related to both the entrance window
and dichroics, reducing the amplitude of the residuals by a factor of 2. The best fit parameters can be found in
Table 1.

4.3 Application to M-giant wavelength calibration star

Next, we applied the fringing model to an M-giant star, primarily used for calibrating wavelength solution for
each order in KPIC due to the star’s deep, abundant stellar lines. Modeling the fringing signal for wavelength
calibration stars is important for both obtaining a more precise wavelength solution and exploring whether the
wavelength solution is biased by the fringes. Figure 4 shows the fit of the forward model incorporating the
fringing signal.

We find that it is much more difficult to fit the spectrum of an M-giant star compared to bright, AOV/F0V
stars because of mismatch between the stellar model and the data and the commensurate nature of the power
spectrum of the fringing signal and the stellar lines. The amplitude of the residuals due to the mismatch is
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Figure 4: Example of forward modeling the KPIC fringing signal before wedging the dichroics on wavelength cal-
ibrator star. Top: Spectrum of HIP 95771 after incorporating a fringing signal in the forward model framework.
The data is in blue, the model is in orange, and the residuals (data-model) are in green. There is mismatch
between the depth of stellar lines in the model versus in the data. Middle: The residuals of the model including
the fringing signal and the model not including the fringing signal. The residuals incorporating the fringing model
are in blue, while the residuals that do not have any fringing mitigation are in orange. Bottom: A Lomb-scargle
periodogram of the residuals of the model including the fringing signal and the model not including the fringing
signal. The residuals incorporating the fringing model are in blue, while the residuals that do not have any
fringing mitigation are in orange. Although the fringing signal appears to be slightly suppressed, the mismatch
between the stellar lines of the model and data are on the same order of magnitude as the fringing signal. The
power spectrum of the stellar atmosphere and that of the fringing signal have significant overlap, making it much
more difficult to fit the fringes.
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the same order of magnitude as the fringing residuals, making it difficult to avoid fitting model mismatch while
fitting the fringing signal. No best fit parameters are reported because of this.

5. WEDGING DICHROICS TO REMOVE UNWANTED FRINGES

Since the parallelism of the dichroics creates several Fabry-Pérot cavities, we decided to modify the optics to
alter the optical path of the fringing pattern, preventing it from re-entering the beam or falling on the detector.
To combat the most difficult to parameterize and characterize fringing signals attributed to the dichroics, we
introduced deviation by wedging the dichroics. We ordered new dichroics with a wedge angle of 50”. At 2 pm,
this results in approximately a 5 A/D offset between the primary beam and the co-propagating ghost. The new
dichroics were installed in April of 2024 as part of a KPIC service mission (24).

After wedging the dichroics in April of 2024, we confirm the presence of fringes due to the KPIC dichroics are
no longer apparent. Figure 5 shows the Lomb-scargle periodogram of the residuals from our forward model fits
for each KPIC fiber. As expected, we still observe the fringing signal at 2A due the NIRSPEC entrance window,
but no longer observe fringes between 3-4 A due to the dichroics. We also verify that the dichroic fringing signal
is no longer observed in different spectral orders or when offsetting to a companion.

5.0.1 Application to AOV calibration star after wedging dichroics

Since two of three sources of fringing are mitigated due to wedigng the dichroics, we once again apply our model
in Equation 4 to on-sky observations with the new optics installed. However, since we now only see a single
Fabry-Pérot cavity, we fit for 3 parameters instead of the original 8. Figure 6 shows the fit of the forward model
incorporating the fringing signal while the best fit parameters can be found in Table 1.

From modeling the fringing, the signal is suppressed at the characteristic period of 2A for the NIRSPEC
entrance window and the amplitude of the residuals is reduced by a factor of 10, pushing KPIC observations
closer to the photon noise limit than ever before. However, an additional signal is seen at 3-4 A that is not
apparent in Figure 5. This signal is not seen in Figure 5 and is difficult to notice except in analysis of residuals.
The excess power between 3-4 A could be do to leftover ghosts from the wedged dichroics, mismatch in the
telluric model to the data, inaccurate flux extraction, or other currently unidentified systematics as explained in
more detail in (25).

6. CONCLUSIONS AND FUTURE WORK

In this paper, we identify three unique sources of fringing, due to transmissive optics in KPIC/NIRSPEC and
adopt a physically informed model of a Fabry-Pérot cavities to effectively model the fringing signal as seen in
on-axis AOV/FOV stars. We adopt an instrumentation solution of wedging two of the transmissive optics internal
to KPIC and verify the absence of the fringing signal due to the dichroics. By applying our fringing model to
observations of AOV stars where the wedged dichroics are present, we find the fingring signal is suppressed at
the characteristic period of 2A for the NIRSPEC entrance window and the amplitude of the residuals is reduced
by a factor of 10.

In the future, we need to verify that the NIRSPEC entrance window fringing signal is truly stable by looking
at observations of the same star on different nights, across different fibers, between different orders, and on and
off axis. Once we determine the entrance window is stable, we can probe whether a single physical model can
be used to model all observations. Additionally, since there is only a single source of fringing after wedging the
KPIC dichroics, which can be described by only three parameters, we plan to re-explore applying the forward
model of the fringing to M-giant giant wavelength calibration stars to improve the wavelength solution of KPIC
observations.

Proc. of SPIE Vol. 13096 130962E-8
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Figure 6: Example of forward modeling of the KPIC fringing signal, after wedging the dichroics, on a telluric
calibrator star. Top: Spectrum of HIP 61960 after incorporating a fringing signal in the forward model frame-
work. The data is in blue, the model is in orange, and the residuals (data-model) are in green. Bottom: A
Lomb-scargle periodogram of the residuals of the model including the fringing signal. The incorporation of the
the fringing model reduces the amplitude of the residuals by a factor of 10 compared to the model without
the fringing model. The signal is suppressed for fringing due to the NIRSPEC entrance window at 2A, but an
additional signal is seen at 3-4 A that is not apparent in Figure 5. The excess power between 3-4 A could be
do to leftover ghosts from the wedged dichroics, mismatch in the telluric model to the data, inaccurate flux
extraction, or other currently unidentified systematics.
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