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ARTICLE INFO ABSTRACT

Keywords: ESA’s Hera space mission is on its way to the mission target, the binary asteroid (65803) Didymos. HyperScout-
Instrumentation H, one of the instruments onboard Hera, is a hyperspectral imager operating in the visible and near-infrared
Asteroids regions between 0.65 and 0.95 pm. HyperScout-H will enable a detailed assessment of the composition of
Spectrophotometry

both objects, Didymos and its satellite Dimorphos, the characterization of space weathering effects, and the
possible presence of exogenous material on their surfaces. To monitor instrument functionality, calibration
exposures are acquired regularly. This article describes the in-flight calibrations carried out for HyperScout-H
during the commissioning and cruise phases. Bias and dark exposures, as well as stellar field observations,
were acquired several times after launch. We update the calibration data and monitor instrument performance
in the space environment. In addition, images of Earth and Moon were acquired from distances of 1.5x 10° to
2.0 x 10°km, and Mars and its satellite were imaged during the flyby. In five images, the surface of Mars fills
the entire field of view, enabling cross-validation of HyperScout-H results with those reported by other Mars
missions. We characterize the detector under in-flight operational conditions. The calibration data indicate
that the bias pattern is stable, the dark current remains negligible for short exposures, and the detector
response is highly linear. We quantify the field-of-view alignment and geometric distortion, and evaluate the
point spread function based on the stellar field observations. Stellar observations and Mars swing-by data
provide updated radiometric calibration constants, suggesting that in-flight conditions have slightly modified
the detector’s spectral response. In-flight calibrations are essential to ensure data quality and reliability.
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The results obtained for HyperScout-H demonstrate that the instrument can achieve its scientific goals in
observations of the Didymos-Dimorphos system.

1. Introduction

HyperScout-H (HS-H) is one of the scientific instruments onboard
Hera (Michel et al., 2025), a European Space Agency (ESA) spacecraft
targeting the binary asteroid (65803) Didymos. The primary objective
of HS-H is to obtain close-range hyperspectral images that deliver both
spectrophotometric and geomorphological information (Popescu et al.,
2025), particularly in the aftermath of NASA’s Double Asteroid Redirec-
tion Test (DART) impact (Chabot et al., 2024). The HyperScout family
of instruments (Esposito and Zuccaro Marchi, 2019), developed by
cosine Remote Sensing with ESA and Netherlands Space Office support,
was originally designed for Earth observation (Benhadj et al., 2024).
Building on the versatile HyperScout-2 platform, HS-H represents a
fully miniaturized hyperspectral instrument optimized for planetary
missions, offering high efficiency and reduced data volume.

ESA’s Hera spacecraft was launched on 7 October 2024 from the
Kennedy Space Center (Cape Canaveral, Florida) and is currently on tra-
jectory toward its rendezvous at (65803) Didymos. The expected arrival
is in October 2026 (Michel et al., 2025). Hera executed a gravity-assist
flyby of Mars on 12 March 2025. This event provided an opportunity to
test the HS-H, AFC, and TIRI instruments by performing observations of
Mars and its moons, Phobos and Deimos. These measurements provide
a valuable data set for assessing instrument performance in the space
environment. In particular, new high-resolution data were obtained for
the anti-Mars side of Deimos (Popescu et al., 2025; Sugita et al., 2025).
The Martian satellites are also key targets of the JAXA Martian Moons
eXploration (MMX) mission (Kuramoto et al., 2022). Consequently,
Hera’s in-flight calibration activities contribute not only to mission
readiness but also to the broader landscape of Solar System exploration.

Over the past decades, a succession of space missions has trans-
formed our understanding of small bodies of the solar system. The
first dedicated asteroid mission, NASA’s NEAR-Shoemaker, successfully
orbited and landed on (433) Eros in 2001, demonstrating the fea-
sibility of in-situ asteroid exploration (Cheng, 2002; Prockter et al.,
2002). Since then, missions such as Hayabusa at Itokawa conducted
by JAXA (Saito et al.,, 2006; Watanabe et al., 2019; Tatsumi et al.,
2019), or Dawn at Vesta (Russell et al., 2007) by NASA, expanded the
contribution to asteroid exploration and provided valuable insights into
the composition and internal structure of these small rocky bodies.

The risk of potential impacts posed by near-Earth asteroids has
motivated increasingly detailed physical characterization campaigns,
both from Earth-based facilities and spacecraft (Mainzer, 2017; Baum,
2018). NASA’s DART mission represented the first kinetic-impact ex-
periment to intentionally alter the orbit of a small body, demonstrating
that momentum transfer can be an effective means of deflection (Cheng
et al., 2023). The post-impact evolution of the Didymos-Dimorphos
system highlighted the need to fully understand the nature of asteroids
to be able to predict the outcomes of such impacts (Agrusa et al.,
2022; Richardson et al., 2024). The ESA Hera mission is designed to
provide the follow-up of the impact, allowing a full assessment of the
outcome of the DART mission and establishing the framework for future
deflection strategies (Michel et al., 2022).

The binary near-Earth asteroid (65803) Didymos, composed of a
primary body (Didymos) and a secondary component (Dimorphos), fol-
lows an orbit with eccentricity e = 0.383, with perihelion and aphelion
distances of 1.013 au and 2.272 au, respectively. A combination of
ground-based studies (e.g. Pravec et al., 2022; Moskovitz et al., 2024;
Scheirich et al., 2024; Pravec et al., 2024), data from NASA’s DART
camera and images acquired by the LICIACube CubeSat (Daly et al.,
2023; Raducan et al., 2024; Dotto et al., 2024; Cheng et al., 2023) offer
the first characterization of its properties. The Didymos-Dimorphos sys-
tem is classified as an S-type based on its visible-near-infrared (VNIR)

Table 1
HS-H specification data.

Parameter Value

41.25 mm

10.31 mm (F:4.0)
15.97° x 9.85°
0.650-0.975 pm

Focal length

Entrance pupil diameter
Field of view

Spectral range

Bandwidth (FWHM) 8-27 nm
Detector pixels 2048 x 1088
Pixel size 5.5 X 5.5 pm

A/D Resolution
Integration time
Readout frequency 0.002 Hz

Full well capacity 11,000 e~

Gain 3.2 e7/DN

Quantum efficiency 9%-18% (hyperspectral)

12-bit (saved as 16-bit)
0.1 ms to 9900 ms

reflectance spectra, which show the characteristic 1 pm and 2 pm
silicate absorption bands typical of ordinary chondritic material (de
Leén et al., 2006; Ieva et al., 2022; Rivkin et al., 2023; Polishook et al.,
2023).

Operating over the 0.65-0.95 pm range, HS-H will produce spatially
resolved hyperspectral measurements that enable detailed mapping of
surface composition, space-weathering effects, and the distribution of
freshly exposed material from Dimorphos’ interior. These data will be
combined with the observations obtained by Asteroid Framing Cameras
(AFC) - Vincent et al. (2024), and Thermal InfraRed Imager (TIRI)
— Okada et al. (2025), to obtain a comprehensive geological and
geophysical characterization of the Didymos - Dimorphos system.

The ground calibration of HS-H took place at the premises of the
manufacturer, cosine Remote Sensing BV, and at the European Space Re-
search and Technology Centre (ESTEC). It included measurement of the
bias and dark level, flat-fielding, linearity tests, radiometric calibration
and distortion correction. The results are described in Popescu et al.
(2025).

The first in-flight HS-H observations were taken approximately
three days after the launch, when all the instruments acquired images
of the Earth-Moon system. Then, the commissioning phase continued by
collecting calibration frames, biases and darks, several frames exposing
Vega with the purpose of performing initial radiometric assessments,
and various star fields to characterize the camera alignment and the
camera field distortion. As a regular periodic check, additional bias
and dark frames are acquired to monitor the stability of the bias
pattern, dark current, and hot pixels. The Mars swing-by has been an
opportunity to evaluate the spectral response of the detector.

The in-flight observations have enabled us to fine-tune the calibra-
tion across all critical aspects of the instrument’s performance — in-
cluding bias subtraction, geometric distortion correction, spectral re-
sponse, and optical alignment — under actual space environment
conditions that differ significantly from laboratory settings. Whereas
pre-flight characterization provided baseline parameters, factors such
as launch stresses (Verissimo et al., 2026), thermal cycling in space
(Gilmore, 2002), radiation exposure, zero-gravity conditions can lead
to contamination and degradation (Shi et al., 2024; BenMoussa et al.,
2013; Ono et al., 1996) and subtly affect instrumental behavior in ways
that cannot be fully replicated on the ground.

In this paper, we present the in-flight observations acquired by
HS-H and their role in refining the instrument calibration. Section
2 introduces the HS-H instrument, briefly describes the decoding of
telemetry packets, and as well as the data reported by temperature
sensors inside the instrument. Section 3 presents the in-flight calibra-
tion data acquired with HS-H. Section 4 provides a detailed analysis
aimed at evaluating and fine-tuning the instrument calibration. The
final section is devoted to additional discussion and conclusions.
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2. HyperScout-H instrument

The HS-H instrument is a miniaturized configurable imager based
on a 2D sensor. It is optimized for high-resolution, VNIR multi-band
imaging, with onboard filtering and flexible acquisition parameters
tailored for planetary surface characterization. The main technical
specifications of the HS-H instrument are summarized in Table 1. It
features a nominal focal length of 41.25 mm and an entrance pupil
diameter of 10.31 mm (corresponding to an f-number of 4.0), providing
a field of view of approximately 16° x 10°.

The instrument operates in the VNIR spectral range of 0.65-0.95 pm,
divided into 25 discrete bands with full width at half maximum
(FWHM) values ranging from 8 to 27 nm. The detector, an AMS
CMV2000 CMOS sensor, is equipped with a spectral filter mosaic
directly integrated on the sensor surface, allowing simultaneous spatial
and spectral imaging. The pixels are grouped as 5 x 5 patches that are
called macropixels, where each pixel corresponds to a different channel
(narrow band filter).

2.1. Telemetry packages decoding

The application protocol for HS-H is directly derived from the Space
Packet Protocol, CCSDS 133.0-B-1 standard' (Consultative Committee
for Space Data Systems, Space Packet Protocol, Blue Book). The com-
munication uses the space packet encapsulation as a data wrapper. The
space packet protocol consists of multiple parts; the primary header,
secondary header, application data and packet error control field.

The HS-H science team has access to the observations acquired
by the instrument during the flight through the EGOS (ESA Ground
Operations System) Data Dissemination System (EDDS). To ensure fast
(as soon as it became available) and reliable use of the data acquired
by the hyperspectral imager, we developed a software tool to decode
telemetry packets. These packets include both the image data and
information from the various onboard sensors, commonly referred to
as housekeeping (HK) parameters. In particular, the temperatures mea-
sured by the sensors within HS-H are essential for understanding the
instrument’s behavior and for applying bias and dark-frame corrections.

The telemetry packages are received as hexadecimal characters,
following the standard outlined in the HS-H Communication Interface
Control Document. The images are stored as 16-bit FITS (Flexible Image
Transport System) files, along with all corresponding HK parameters.

The final step consists of using the SPICE (Spacecraft, Planet, In-
strument, C-matrix, Events) kernels (Acton, 1996) to add information
in the header of each FITS image regarding the observation geometry,
target, and spacecraft location and orientation. These are provided and
updated regularly by the ESA SPICE team? (European Space Agency,
2024).

2.2. Temperature sensors

Temperature is a key parameter that influences the behavior of the
Complementary Metal-Oxide-Semiconductor (CMOS) AMS CMV2000
sensor, particularly the dark current and electronic properties. Estab-
lishing the relationship between dark current values and temperature
is a required step for the calibration process. Additionally, temperature
monitoring is essential for ensuring the instrument’s safety.

Nine temperature sensors are employed to monitor the thermal con-
ditions at different locations within the HS-H instrument. The instru-
ment housekeeping (HK) data include readings from eight temperature
sensors: ICU1, ICU2, HSSP, BEE, T1, T2, T3, and T4. The ICU1 and
ICU2 are located near the Instrument Control Unit (ICU), while T1, T2,
T3, and T4 monitor the telescope section. The HSSP and BEE sensors

1 https://ccsds.org/Pubs/133x0b2e2.pdf
2 https://www.cosmos.esa.int/web/spice/hera
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Fig. 1. The dependence of different sensor temperatures with respect to FPA
temperature during the cruise. The dependences of five HS-H sensors are
shown with different marker shapes.

are positioned near the electronic boards, namely the HSSP (High-
Speed Serial Protocol) board and the Backend Electronics (BEE). The
temperature of the Focal Plane Array (FPA) is reported separately via
spacecraft telemetry. In addition, the detector temperature is included
in the header of each acquired image.

The ESA/European Space Operations Centre (ESOC) and the in-
strument manufacturer designated the FPA sensor as the reference
for monitoring the instrument temperature and for characterizing the
sensor behavior. The additional temperature sensor integrated within
the CMOS detector remains uncalibrated. The difference between the
temperatures measured by the CMOS detector sensor and the FPA
sensor has a mean value of 7.5°C, median of 8.0°C, and standard
deviation of 1.4 °C. Because all thermal calibrations are strictly tied to
the designated FPA sensor, this hardware offset does not impact the
dark current correction pipeline.

The temperatures inside the instrument vary significantly. The av-
erage temperature recorded by sensor T2 at the telescope level is
—19.1 + 1.8°C, while sensor ICU2 reports values around —1.7 + 1.7°C
at the instrument control unit level. Although all sensors generally
follow the same trend, there is no significant correlation between the
values reported by different sensors (Fig. 1), except for the relationship
between the FPA sensor and the T1 sensor (this is understandable, as
both are at the telescope level). The temperature difference between
these two sensors is 0.69 + 0.15°C.

3. In-flight calibration observations

The in-flight calibration images consisted in the commissioning
phase, periodic checks, and opportunity observations. A summary of
these activities is presented in Table 2. The commissioning activities
included imaging the Earth-Moon system as early as possible after
launch, acquiring bias and dark frames, observing Vega as a standard
star, and imaging several stellar fields. All planned commissioning
activities were completed by November 10, during which a total of 167
images were acquired. The periodic checks, planned to be performed
approximately every six months, include the acquisition of bias and
dark frames, observations of Vega as a standard star, and imaging
of several stellar fields. Mars swing by offered us the opportunity to
acquire additional observations.


https://ccsds.org/Pubs/133x0b2e2.pdf
https://www.cosmos.esa.int/web/spice/hera
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Table 2
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Summary of the in-flight calibration and science observations, detailing the objectives, observational constraints, exposure
configurations, and number of images acquired for each activity. Most of the star fields were centered around « Tau

(Aldebaran) or § CMa (Wezen).

Timeline Objective Observing constraints # Exposure (s)

Earth & Moon

Oct 2024 Earth & Moon Earth and Moon simultaneously in the FoV 41 0.005-0.050

Standard calibration frames

Oct 2024 Dark No bright objects 5 0.10-0.50

Nov 2024 Bias Lowest exposure allowed; no bright objects 8 0.0001

Dec 2024 Dark No bright objects 36 0.01-9.00

Jan 2025 Bias Lowest exposure allowed; no bright objects 11 0.0001

Sep 2025 Bias Lowest exposure allowed; no bright objects 11 0.0001

Stellar calibration

Oct 2024 Standard star (Vega): Vega in the FoV 5 0.10-2.00
saturation test

Oct 2024 Alignment Different star field pointings 22 3.00-5.00

Nov 2024 Star fields: High density of 3-5 mag stars; 3 x 3 raster 40 0.50-5.00
geometric and
radiometric calibration

Nov 2024 Standard star (Vega): Vega in FoV; 3 X 3 raster 27 0.50
radiometric calibration

Feb 2025 Standard star (Vega): Vega in FoV; 3 x 3 raster 27 2.00
radiometric calibration

Feb 2025 Standard star (16 Cyg): 16 Cyg in the FoV; 3 x 3 raster 27 9.00
radiometric calibration

Sep 2025 Star fields: High density of 3-5 mag stars; 3 x 3 raster 9 5.00-9.00
geometric and
radiometric calibration

Mars swing-by

Feb 2025 Mars rehearsal Dark-like exposures taken to rehearse the Mars swing 37 0.010-0.025

Mar 2025 Mars (pre-Deimos): Full-frame Mars near image center 22 0.010
radiometric calibration

Mar 2025 Deimos One high-resolution image 3 0.025

Mar 2025 Mars (post-Deimos): Mars covers nearly the entire FoV 5 0.010
radiometric calibration

Mar 2025 Phobos Phobos detected in FoV 7 0.025

0.5ms 10 ms 20 ms 50 ms pointing in a 3 x 3 raster pattern, with a 1° offset between consecutive

2024 10-10T14:12:39 7074 10-11T01:59:17 2024 10-11T02:05:56 2024 10-117T02:12:37

€% L@

40
7074 10-11T02:05:56 7074 10-11T02:12:37

20 20 40
2024 10-10T14:12:39 2024 10-11T01:59:17

Flux
0 2000 4000 (DN)

Fig. 2. Earth (top row) and Moon (bottom row) observations with HS-H.
Saturation is observed for the images at 20 and 50 ms. At 0.5 ms the S/N
is very low, making the Moon indistinguishable.

Due to the rapidly increasing distance between the spacecraft and
Earth, priority was given to imaging the Earth-Moon system. These
images were first captured on October 10, 2024, at 14:12 UT, just three
days after launch, following the instrument’s activation. After observing
the Earth-Moon system, the next step was to acquire bias frames,
followed by observations of Vega. The in-flight observing campaign was
continued by observing several star fields and acquiring bias frames. In
March 2025, the Mars swing-by provided an opportunity to observe
an object that fully covered the instrument’s field of view. All of these
observations are described in this section.

3.1. Earth - Moon observations

The planned activities began with imaging the Earth-Moon system.
The strategy involved capturing exposures by dithering the camera

pointings. Thus, there were 9 different pointings. This approach helped
mitigate potential issues related to malfunctioning pixels or unexpected
detector behavior. Additionally, it ensured that all wavelength channels
were spatially covered, allowing the same surface area sampled by a
pixel to be imaged at all wavelengths.

The exposure times were calculated based on the range of light
intensity, from the brightest Earth clouds to the darkest regions of the
Moon. Given that the dynamic range of HS-H is limited by its 12-bit
ADC and the varying sensitivity across different channels, images were
planned to be captured with exposure times between 0.5 and 50 ms.

These preliminary acquisitions showed that HS-H instrument oper-
ates in space in accordance with its specifications and enabled the first
in-flight linearity test to be performed. The shortest exposures (<10 ms)
are used to characterize the Earth, while the longest exposures result
in most of Earth’s pixels being saturated as presented in Fig. 2. The
best signal-to-noise (S/N) ratio for the Moon is achieved with exposure
times of 20 ms and 50 ms. Various false color images were gener-
ated for public outreach.® However, the illumination geometry of the
Earth-Moon system, observed at a phase angle of approximately ~90°,
together with the low spatial resolution, make these images unsuitable
for straightforward radiometric calibration.

Earth and Moon observations were utilized for the initial in-flight
functional verification of the instrument and to perform the first linear-
ity test.

3 https://www.esa.int/ESA_Multimedia/Images/2024,/10/Spooky_Earths_
seen_by_Hera_s HyperScout
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3.2. Bias and dark frames

The bias frames were acquired with the lowest exposure time al-
lowed by the camera, with the additional constraint that no bright
object was present in the field of view (FoV). A total of 8 bias frames
were taken in November 2024, 11 frames in January 2025, and 11 more
frames in September 2025, summing up to 30 bias exposures. These
were obtained at an exposure time of 0.1 ms.

The dark frames were taken under two sets of conditions. The first
set consists of 5 frames acquired in October 2024 at short exposure
times between 0.1 and 5 s, with no bright objects present in the FoV. A
more extensive set of dark-like exposures was recorded in December
2024, totaling 36 frames with exposures of 0.015, 0.1 s and one
half-frame acquired with an exposure time of 9 s.

In addition to the dedicated dark datasets, a third set of dark-like
exposures is available from the Mars swing-by rehearsal operations. So,
37 exposures were acquired in February 2025 with exposure times be-
tween 0.01 and 0.025 s. These images were taken under dark conditions
and are thus suitable for use as supplementary dark frames.

3.3. Standard stars

Exposures were obtained for the well-known standard « Lyr (Vega),
an AOVa spectral type star. The test included five images taken at 0.1 s,
0.3 s, 0.5 s, 1.0 s and 2.0 s. Their purpose is to evaluate the detector’s
linearity regime and the point spread function (PSF) distribution. Then,
a set of 27 images was acquired for the same target on 7th November
2024 at an exposure time of 0.5 s. The frames captured a ROI of
1024 x 1088 pixels (i.e. only the central half of the image was saved,
thus reducing the image size by half). A dithering pattern was applied,
after three exposures, the pointing was moved by 3 degrees in a square
pattern. Another set of 27 images was acquired again in February at an
exposure time of 2 s, to optimize the S/N ratio.

Additionally, other stars have been detected across the star field
frames used for alignment and the calibration of optical distortions. The
brightest two stars are « Tau (Aldebaran), a K5III spectral type star, and
&5 CMa (Wezen), F8la spectral type. Observations were obtained also
for 16 Cyg star system to obtain spectra for the two G2V spectral type
components. The apparent magnitudes of these two stars (5.96 V mag,
and 6.2 V mag) allow only for obtaining data with .§/N <5 — even at
9 s exposure time (9.9 s is the maximum allowed by the instrument),
unsuitable for radiometric, spectral, or PSF evaluations.

The camera is based on a CMOS sensor, where the pixel pitch
has a fill factor of 42%. These characteristics must be taken into
account when evaluating the radiometric characterization using point-
like sources. The goal of these observations was to validate the instru-
ment’s functionality and cross-check the calibration performed in the
laboratory. Secondary goals included evaluating the PSF distribution
and performing linearity tests.

3.4. Star fields

The first objective of the star field observations was to evaluate
the instrument alignment. To this end, four different pointings were
observed, with five images acquired for each star field. The second
objective, aimed at assessing optical distortions, involved observations
of two star fields using a dithering pattern with a 3° offset arranged in
a 2 x 2 raster and acquiring multiple frames for each FoV pointing. The
exposure times were varied between 0.5 s and 9 s in order to cover a
wider stellar magnitude range. Our data showed that stars are detected
above an exposure of 1.0 s, whereas very bright stars in near infrared
(e.g. a Tau) could be detected at 0.5 s.

A total of 71 frames of star fields were acquired. The star fields
include:

» Five alignment fields observed with different exposure times (3,
4, and 5 s)
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« Two fields around « Tau (Aldebaran) and 6 CMa (Wezen) were
observed with varying exposure times from 0.5 to 9 s and a 3°
dithering applied between consecutive pointings in a 2 x 2 raster
pattern.

An automatic pipeline to detect stars was implemented, relying on
their expected near-infrared flux at wavelengths corresponding to the
HS-H channels. The detections were filtered to keep only the sources
with §/N > 5 to avoid possible mismatches between stars expected at
low signal and “bright” groups of noisy pixels that happen to form near
the expected location of such stars. Additionally, several artifacts that
might have been caused by cosmic rays were detected but discarded
after comparing multiple frames with the same pointing. In total, 312
detections have been registered with the help of the HYG catalog, which
includes all stars listed in the Hipparcos (Perryman et al., 1997), Yale
Bright Star (Hoffleit and Warren, 1991), and Gliese (Gliese and Jahreiss,
1991) catalogs.

The star fields were used for geometric calibration, linearity tests,
and radiometric calibration through the extraction of stellar profiles.

3.5. Mars swing-by

The Mars swing-by phase was used to validate the instrument
functionality and the execution of the command sequence under strict
timing constraints. This phase also enabled verification and refinement
of the end-to-end data processing chain, from telemetry packet decod-
ing to the generation of calibrated FITS products, ensuring that the
image headers contain all information required for scientific analysis.
The first HS-H observations of a planetary surface were successfully
acquired, including images in which the Martian surface fully fills
the instrument FoV. These data are essential for the assessment and
validation of the instrument performance, in particular:

» radiometric calibration (a key objective)

» geometric distortion correction

+ conduct a scientific investigation of the far side of Deimos

« support public outreach by showcasing the capabilities of the
HS-H instrument

A total of 22 images of Mars were acquired prior to the three
images of Deimos (two at low spatial resolution and one at higher
spatial resolution), followed by five images of Mars in which the planet
fully covers the FoV. Seven images targeting Phobos were attempted,
with the moon detected in three of them as a faint crescent. The
instrument operated nominally, except for a minor line loss in a single
image, which does not affect the scientific usability of the data. The
temperature measured at the FPA detector remained stable at —12.7 +
0.3 °C. The data were downlinked, decoded, and pre-processed in near
real time, immediately following the reception of telemetry packets on
Earth. The commanding sequence was successfully validated under the
imposed strict time constraints.

The initial observations capture the full disk of Mars, with spa-
tial resolutions ranging from 134 km/macropixel down to 25 km/
macropixel. Images in which the Martian surface covered the entire FoV
were acquired at spatial resolutions ranging from 11.5 km/macropixel
down to 4.3 km/macropixel. These primarily cover southern latitudes,
where the terrain is dominated by impact craters. Notable landforms
include Schiaparelli and Huygens craters, Hellespontus Montes, and
Noachis Terra. The illumination conditions vary across the images as
the phase angles for the Mars images start from around 15°, increasing
progressively up to approximately 65° in the final frame. The images
obtained of Mars serve as key input for validating the laboratory
calibrations. This marks the first time the HS-H instrument has been
used to image a planetary surface under reasonable illumination con-
ditions. The flat-field calibration was conducted in the laboratory at
20 °C, whereas the instrument operates in space at —12°C. Therefore,
additional checks are required to validate the spectral response of each
channel.
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4. Results

The observations described above are used to validate and fine-tune
the calibrations performed under laboratory conditions. They also allow
the evaluation of the instrument performance in the space environment.

4.1. Bad pixels

The bad pixels are those that exhibits abnormal characteristics com-
pared to surrounding pixels under identical illumination and operating
conditions. To identify pixels with anomalous behavior, bias frames
were used. The detected bad pixels were classified into two categories:
noisy pixels and outlier pixels. Noisy pixels are identified by an abnor-
mally high temporal standard deviation of their digital number (DN)
values, indicative of elevated and unstable read-out noise (RON). These
pixels do not necessarily exhibit high signal levels. In contrast, outlier
pixels are characterized by a persistently high mean DN value across
all frames, significantly deviating from the global DN distribution, and
typically correspond to pixels with elevated dark signal and limited
temporal variability. The two pixel types are analyzed separately.

To identify the outlier pixels, we normalize the bias frames by
subtracting the mean value and then dividing by the standard deviation
of each image. Pixels deviating beyond a threshold of 5¢ in all the
frames are flagged as outliers. We cross-check these results with a
second method involving image smoothing through convolution by
5 x 5 and 10 x 10 averaging kernels. The smoothed background is
subtracted from the original data to highlight localized pixel deviations.
Pixels with deviations beyond the same threshold of 5¢ are flagged as
outliers. These masks are then updated iteratively across all available
bias frames.

Two sets of bias images were acquired during the early cruise phase.
The first set, consisting of eight frames, was obtained in October 2024
during the commissioning phase, followed by a second set of 11 frames
acquired in January 2025. An additional bias data set of 11 frames
was collected later, in September 2025. For all bias acquisitions, the
entire FoV was exposed for 100 ps. These three bias data sets are used
to characterize the distribution of bad pixels.

In October 2024, a total of 231 pixels were identified as noisy, with
o > 50 DN across all acquired bias frames, while 16 individual pixels
were flagged as outliers. In January 2025, 221 noisy pixels and 21
individual outlier pixels were detected, whereas in September 2025,
there were 191 noisy pixels and 9 outliers. The number of common
noisy pixels between the three observational sessions was 71, and
all 16 outlier pixels from October were also present in January. No
new outliers were detected in September. In addition to the individual
outlier pixels, three additional corrupted rows were detected across all
frames, each containing 2048 outlier pixels (the first two rows and the
last row). In Fig. 3a, it is shown how individual pixels deviate from
the median bias level. The few outlier pixels mentioned before can be
noticed, and also, the prominent negative spike at zero corresponds to
the group of corrupted rows.

Thus, for October 2024, the total number of bad pixels was 6.389,
with no overlap between the noisy pixels and the outliers. In contrast,
the January session exhibited 6.380 hot pixels, with a small intersection
of 4 pixels classified as both noisy and outliers. We notice that the num-
ber of individual outlier pixels increased from 16 to 21 from October
2024 to January 2025, however, in September 2025 the number went
down to 9 pixels.

The histogram in Fig. 3b illustrates the distribution of pixel-wise
standard deviations derived from the two bias frame datasets. The
similarity between the three histograms suggests that the detector’s
overall noise characteristics remained stable over time. However, a long
tail of warm pixels is present in both cases, extending beyond 50 DN
and representing a small population of highly variable pixels. The noise
level, derived from the most probable values of standard deviation
histograms, corrected from statistical artifacts, which approximates the
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detector’s RON, ranged from 8.76 DN in October 2024 to 8.66 DN in
January 2025 and 8.91 DN in September 2025.

To correct the bad pixels in the other calibration and science images,
we use an interpolation method based on the values of neighboring
pixels within the same wavelength channel. For each corrupted pixel,
its value is replaced with the mean of the four functioning pixels in its
local neighborhood. This correction was applied to all images acquired
with HS-H as an initial step, prior to any further calibration procedures.

4.2. Bias frames

The bias frames are first corrected using the hot-pixel maps char-
acterized in the previous section. Subsequently, the mean value of
each frame is subtracted to remove the offset introduced by temporal
fluctuations in the bias level. These variations in the bias baseline
are driven by random telegraph noise; physically, it arises from the
stochastic trapping and subsequent release of individual charge carriers
by localized defects within the silicon lattice or the oxide interface of
the readout amplifiers (Simoen and Claeys, 2016), so the bias level
is affected by groups of pixels having irregular jumps in brightness,
as was observed in other CMOS detectors as well (Alarcon et al.,
2023). The median bias level varies between 144 DN and 156 DN.
The overall median bias level is 151 DN, with a standard deviation of
3.4 DN. Following the procedure described above, the resulting frames
are combined into a single frame using pixel-wise median values. This
process provides the master bias for each acquired bias data set.

To evaluate the stability of the bias pattern over time, we compared
the master bias frames from October 2024 and January 2025. Visual
inspection shows the two maps are nearly identical, with similar low-
frequency structures across the sensor. The difference image is shown
in the right panel of Fig. 4. No significant large-scale structures are
observed to have evolved, suggesting good stability of the bias structure
over the three-month interval. However, minor local variations are
visible. This residual pattern is known as row noise and is described
in the next subsection.

4.2.1. Row noise

The difference between the different master biases showed that
there is no long-term structural drift of the bias pattern (see Fig. 4).
However, the observed residual pattern, i.e. the horizontal stripes, was
not averaged out over time when combining the individual bias frames,
meaning that these stripes are variable from frame to frame. Therefore,
to capture this row noise, we compute the difference between the
individual bias frames and the master bias estimated within the same
session.

The higher variance in the row direction is a direct result of the
sensor’s row-by-row readout architecture. The detector digitizes all
pixels in a single row simultaneously using a shared global analog
reference voltage. As this reference voltage fluctuates over time due
to normal power supply ripple and electronic noise (Mikkonen, 2014;
Shao et al., 2023), each row receives a slightly different baseline offset.
This temporal voltage drift during the frame readout creates horizontal
stripes. In contrast, the much lower column variance confirms that
the parallel analog-to-digital converters are uniformly matched and
introduce minimal spatial noise.

Two residual patterns derived from two consecutive individual bias
frames acquired in the same session (October 2024) are shown in
Fig. 5. A Gaussian kernel with a 5 x 5 window was applied to the
residuals to suppress high-frequency noise and emphasize the residual
signal. The results reveal a faint horizontal banding, primarily visible
as structure in the pixel row direction. This is also confirmed by the
row-wise mean signal (u,,,,), which exhibits variations with a standard
deviation of approximately 2.1 DN (0.5 DN after applying the filter),
significantly larger than the standard deviation of the column-wise
mean (y., ), which is only 0.25 DN (0.1 DN after applying the filter).
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Fig. 3. (a) Distribution of pixel-wise mean of the global bias level, highlighting outliers and corrupted rows. (b) Histogram of standard deviation values per pixel
across bias frames, showing baseline readout noise and the presence of highly variable pixels. Both plots compare data from October 2024, January 2025 and

September 2025, with logarithmic y-scales.
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Fig. 4. Comparison of the master bias frames acquired in October 2024 and January 2025. Each master bias was median-combined from a stack of corrected
bias images. The left and middle panels show the master biases derived from October 2024 data, and from January 2025 data respectively. The right panel

displays the pixel-wise difference between the two.

These results suggest a residual low-amplitude signal not fully removed
by the standard bias correction procedure.

One-dimensional Fast Fourier Transforms (FFTs) were computed
for both row-wise and column-wise mean residuals to isolate hori-
zontal and vertical banding, respectively. The resulting spatial power
spectra of the physical bias residuals were then compared against
a synthetic, purely uncorrelated Gaussian white noise profile, scaled
to match the empirical standard deviation of the detector’s row and
column variations. As shown in Fig. 6, the power spectra of the actual
residuals closely mirror the flat, featureless continuum of the simu-
lated white noise across all spatial frequencies up to the Nyquist limit
(0.5 cycles/pixel). The similarity of the power spectra with the white
noise baseline suggests that the frame row or column noise is mostly
caused by thermal fluctuations and is free from other types of periodic
electronic artifacts.

4.3. Dark frames

4.3.1. Short-exposure dark frames

First, we studied the behavior of short-exposure dark frames (be-
tween 10 and 100 ms). These exposure times covers the range of
exposures which will be used during the asteroid phase. Three datasets
were analyzed, comprising 4 frames at 100 ms, 16 frames at 15 ms
(both acquired in December 2024), and 27 frames at 10 ms acquired in
February 2025. For each dataset, we calculated the pixel-wise standard
deviation across frames to estimate the RON value as the most probable
value of the distribution and identify noisy/outlier pixels in the same
manner we proceeded before with the bias frames. Table 3 summarizes
the results obtained. For each dark frame we compute the median of
all the pixel values in that frame. Then, across all the dark frames in

a dataset (e.g. the 4 frames with 100 ms exposure), we compute the
mean and standard deviation of those medians. As seen in Table 3, the
median stays in the range 150-153 DN. The value is comparable to the
one determined for the bias frames, showing that the dark current at
short-exposure time is negligible with respect to the bias fluctuations
due to the detector’s electronics.

The estimated RON values measured at 10 and 15 ms are compa-
rable to those measured for the bias frames. There is no significant
increase in the number of noisy and outlier pixels. A number of 53 noisy
pixels are the same in each dataset, of which 38 of them were classified
as noisy also for the two bias frame datasets. Two new outlier pixels
were detected across the dark frames acquired at 100 ms. However,
more data are needed to confirm this, as they might be noisy pixels.
Only three individual outlier pixels were detected across the dark frame
acquired in February, which means that most of the outlier pixels,
which were detected in the previous sessions, behaved as normal or
noisy pixels during the February session.

4.3.2. Long-exposure dark frames

To monitor the dark current as a function of temperature and expo-
sure time, we analyzed long-exposure dark frames. The HS-H camera
does not have a shutter. Therefore, the 62 frames that were included
in this analysis contained signal from stars or were affected by cosmic
rays. The exposure times varied from one to five seconds

By stacking all the frames obtained at a specific exposure time, we
cancel the incoming signal from different external sources, which is
exposed by less than 1%-2% of the pixels. In this way, we obtained a
different bad pixel map and master dark frame at each exposure time.

Our analysis showed that the number of these common outliers
above 5 ¢ is increasing with respect to the exposure time reaching
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Table 3
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Summary of short-exposure dark frame statistics. For each session and exposure time, we report the number of
frames processed (#), the average median signal per frame (with standard deviation), the estimated RON derived
as the most probable value of the pixel-wise standard deviation across the stack, and the number of noisy and
outlier pixels detected. A pixel is considered noisy if its temporal standard deviation exceeds 50 DN, and an
outlier if it exhibits values exceeding 5¢ from the mean across all frames of the datasets.

Session # Exposure time (ms) Median (DN) Noise (DN) Noisy pixels Outliers
o >50 DN > 5¢ deviations
4 100 150.5 + 4. 8.22 251 13
December 2024 15 15 1530 = 8.13 235 10
February 2025 27 10 150.0 + 8.10 184 3
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Fig. 5. Residual bias patterns after subtracting the October master bias from
two consecutive individual bias frames. A 5 x 5 Gaussian filter was applied
to suppress pixel-level noise and highlight the residual faint structures. The
top and right panels show the column-wise (y.,) and row-wise (y,,,) means,
respectively, for each frame. The colormap spans from —2 DN to 2 DN.

almost 100 outliers at 5 s. So, the bad pixels become more prominent at
longer integrations. In addition to individual bad pixels, some patterns
are identifiable in the dark frames. These are clearly observed in Fig.
8, where the master dark frame was derived from 5 s dark exposures.
At the top of the images, faint horizontal bands are visible, suggesting
a systematic effect. Similarly, a low-intensity cloud-like structure near
the bottom indicates a region with slightly larger DN level.

These patterns are characteristic signatures of amplifier glow, a
well-known phenomenon in CMOS detectors. This is primarily driven
by an electroluminescence phenomenon associated with hot carrier
generation within the in-pixel source follower transistors, where im-
pact ionization emits photons and excess minority carriers that are
parasitically collected by the photosensitive area during prolonged
integrations (Maestre et al., 2003). Similar macroscopic glow patterns
have been recently observed in comparable CMOS cameras (Aper-
gis et al., 2025). Because this parasitic gradient scales proportion-
ately with exposure time, it only becomes prominent during extended
integrations.

For the nominal target observations of the asteroid, which require
sub-second exposures, this amplifier glow will remain suppressed below
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Fig. 6. Spatial power spectra of residual bias frames. Top and bottom panels
display the row-wise (horizontal) and column-wise (vertical) FFTs, respec-
tively. Detector residuals are compared against a simulated Gaussian white
noise baseline (bottom line), with successive spectra vertically offset for clarity.

the RON floor. However, these artifacts can be successfully corrected by
subtracting the master dark from the raw frame.

While the FPA temperature fluctuated between —13.5°C and —12°C,
this window is too narrow to establish a statistically significant cor-
relation between the dark current rate and the detector temperature.
Within such a limited range, any intrinsic temperature-dependent vari-
ations in the dark current are hidden under bias fluctuations. However,
we can evaluate the dark current contribution at this temperature level
by analyzing the variation with respect to the exposure time.

The average dark frame signal at the pixel level and at a specific
exposure time can be modeled as the linear sum of the static baseline,
the time-dependent dark current, and the bias fluctuations, expressed
as D(t) = By+ DC xt+AB. The term B, defines the fundamental, static
bias level of the detector, while DC represents the intrinsic dark current
generation rate. The bias fluctuations are captured by AB, which acts
as a stochastic noise component, as observed during the bias frames
analysis discussed earlier. This term is modeled as a random variable
sampled from a normal distribution, 4B ~ N'(0, ‘7%; ), where the standard
deviation is empirically determined as o ~ 3.4 DN. Because 4B is
normally distributed and operates independently of the integration
time, it introduces a stochastic vertical offset to the data. By performing
a linear regression, we cancel the bias temporal fluctuations. Thus, we
extract the dark current rate DC = 1.65 + 0.20 DN/s.

The linear regression within the stable operational regime, ¢ > 1 s,
yields R? = 0.57. Under these environmental conditions, the accumu-
lated dark signal remains small relative to the bias fluctuations. The
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Fig. 8. Master dark frame acquired at an exposure time of 5 s.

maximum possible R? is constrained, as the bias variance is comparable
to the dark current increase. Theoretically, R? is bounded by the ratio
of the true signal variance to the total combined variance, which is
approximately 0.45 for this exposure sequence given an underlying
white noise of o ~ 3.4 DN. The empirical value of 0.57 therefore
exceeds this threshold, which means that the bias fluctuations are lower
at exposures beyond 1 s compared to the bias exposures at 100 ps. This
decrease can be observed also visually in Fig. 7, where most of the
observations fall inside the 16p.

The measured temporal noise, which is dominated by RON, exhibits
a linear increase from approximately 8.20 DN at 1 s to 8.36 DN at 5 s.
This slight elevation is an expected consequence of the accumulating
dark signal. Taking into account the empirically established dark cur-
rent rate of 1.65 DN/s, the theoretical contribution of the dark current
shot noise over this interval precisely accounts for the observed noise
growth.

In the preliminary on-ground characterization of the instrument
(Popescu et al., 2025), the dark signal accumulation was modeled as
following an exponential growth curve, and the baseline RON was
reported at a significantly higher 12.57 DN. However, that initial
analysis was heavily influenced by the higher ambient temperatures of
the test environment.

4.4. Linearity tests

We report the linearity of the HS-H detector based on inflight
observations of Earth-Moon system and stellar observations. The sensor
response is supposed to be linear with respect to the incident flux or
exposure time.

4.4.1. Earth-Moon system
The linearity of the signal is analyzed using 39 frames of the
Earth-Moon system. The Earth shows significant saturation for 50 ms
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Fig. 9. Linearity test of the Earth-Moon system. The plot shows the measured
signal as a function of exposure time for both Earth and Moon images,
together with their corresponding linear fits. The error bars are too small to
be distinguished from the data markers. Earth reaches saturation.

exposure time, and even the 10 ms and 20 ms exposures contain
saturated regions. To ensure a consistent comparison across exposure
times, we restricted the analysis to the continuously illuminated core
region of the Earth’s disk. Because the Earth was rotating and its atmo-
spheric cloud cover was rapidly changing between frames, applying a
static spatial mask would have introduced severe photometric errors.
Instead, by dynamically isolating this consistently sunlit area — which
corresponds to approximately the brightest 25% of the field of view
— we established a stable photometric reference. This approach safely
excludes the dark space background and the sharp brightness gradients
near the terminator. The resulting trend shows a clear linear response
up to the onset of saturation, with a slope of 188.42 DN/ms, and the
deviation at 50 ms aligns with the expected clipping due to full-well
saturation.

The Moon images remain fully unsaturated for all tested exposure
times. Their signal increases linearly with exposure, with a slope of
48.93 DN/ms, reflecting the lower intrinsic brightness of the target. The
linearity fit for both bodies confirms that the detector response is linear
within the unsaturated regime up to around 3800 DN (see Fig. 9).

4.4.2. Standard stars

The linearity test of Vega consisted of five exposures with the
exposure time increasing from 0.1 s to 2.0 s. The acquired signal was
not saturated in any image. On the other hand, for Aldebaran there are
five exposures between 3.0 s and 5.0 s, and it almost reaches saturation
on the brightest pixel at an exposure time of 5.0 s. We checked that
the flux of Vega and Aldebaran is linear within different apertures. For
Aldebaran, the slopes increase with aperture size, ranging from 2445
DN/s for the 3 x 3 px aperture to 3199 DN/s for the 9 X 9 px aper-
ture, with the corresponding values of the coefficient of determination
exceeding 0.96, indicating a good fit to a linear model. Similarly, Vega
exhibits a linear trend, with slopes increasing from 1001 DN/s at 3 x 3
px to 1529 DN/s at 9 x 9 px.

We continued our analysis with data gathered from the most fre-
quently detected stars across the star field acquisitions. We filter them
considering the SNR of the detections, exposure time, and the condition
of having at least three detections for each exposure time group. The
plot in Fig. 10 presents the normalized incoming signal as a function
of exposure time for a large aperture of 9 x 9 px. The fluxes were then
normalized to the median channel.

To validate the linear regime and removal of electronic offsets,
the dependences were modeled using linear regressions. The resulting
free intercepts yielded a mean of —40 + 70 DN across the targets
(inside an aperture of 9 x 9 px), which is statistically indistinguishable
from zero. This validates the applied bias and background subtraction.
Furthermore, a quantitative analysis of the residuals demonstrates no
systematic structure, showing that the deviations from linearity are
consistent with the camera’s noise.
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Fig. 10. Linearity test with most frequent star detections. Error bars show the
standard deviation across all frames with identical exposure time. The bottom
panel illustrates the residual analysis.

4.5. Point spread function

The distribution of the point spread function (PSF) is characterized
using stellar observations of Vega at 0.5 and 2.0 seconds. The PSF cov-
ers multiple pixels. Thus, the flux is distributed to several wavelength
channels. The position of the star corresponds to the peak of the PSF
distribution, which depends on the pointing of HS-H.

If the distribution peak overlaps with the center of a pixel, then we
will observe a symmetrical distribution of the PSF which is modulated
by the spectral behavior of each channel. On the other hand, if it is
located somewhere inside the pixel, not so close to the center, we
can expect a non-symmetrical PSF distribution. Numerical simulations
characterizing the effect of the detector filling factor and centroid
positions on the PSF are detailed in Appendix A together with the
description of the model used in processing the stellar profiles. The
simulations show that the signal recorded by the center pixel of the
profile is between 10.8 and 26.6% of the total measured flux. These
values were the result of noise-free simulations. Therefore, some of the
observations might not respect the constraints derived above.

The stellar observations allowed us to analyze the observed PSF
distribution. We present an analysis of the PSF distribution using data
acquired for Vega.

First, the PSF structure is analyzed in Fig. 11, where we visualize the
2D flux distribution and its corresponding maximum projections along
the detector axes. Gaussian functions were fitted to the X and Y axis
profiles, yielding FWHM values of 1.54 px and 1.60 px, respectively.

Then, to evaluate the spatial variation of the PSF width across the
FoV, we compare the FWHM along both the X and Y detector axes.
Fig. 12 presents two spatial scatter plots of the PSF FWHM values.
We notice a few regions that exhibit slightly elevated or reduced PSF
widths, suggesting minor spatial dependence, possibly due to optical
distortions. The FWHM values are spread between 1.2 and 2.2 px. How-
ever, the average values are around 1.6 px as determined before, being
in good agreement with previous pre-flight measurements provided by
the producer.

4.6. Radiometric calibration

The purpose of this section is to quantify the radiometric constants
using in-flight data and to compare the results with the values mea-
sured in the laboratory. Data were pre-processed using the flat-field
correction established on-ground prior to flight (Popescu et al., 2025).
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Fig. 12. Top: Scatter map of PSF FWHM along the X-axis across the detectors.
Bottom: Same for the Y-axis. A small random position shift was added
to reduce marker overlap improving the visualization clarity. Color scales
indicate FWHM in pixels, ranging from 1.4 to 1.8 px.

No dedicated flat-fielding exposures were taken during the cruise due
to a lack of appropriate targets. On the Martian surface, we did not
observe the presence of significant variations above the noise level
as the cause of potential flat-field effects. Our in-flight determination
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of the radiometric constants is based on multiple observations, with
regions of interest analyzed at different locations on the sensor. Thus,
by averaging, we considerably reduce the effect of potential variations
in the flat-field patterns. The pre-flight flat fields showed variations
within a 10% range, the primary causes being the sensor electronics
and filters.

Different methods for evaluating the sensitivity constants based on
laboratory images yield slightly varying results due to factors such as
temperature, illumination conditions, etalons, and the instruments used
in the laboratory. The results and the uncertainties of these calibrations
are described by Popescu et al. (2025). Below, we discuss the radiomet-
ric calibrations performed in flight using data from standard stars and
the Mars images.

4.6.1. Cross-calibration with standard stars

We used the frames acquired for a Lyr (Vega) and all the star field
frames to detect stellar profiles with S/N > 5. The Vega frames were
acquired in two sessions — first session included 27 acquisitions at an
exposure time of 0.5 s and the second session another 27 acquisitions,
but at a longer exposure time of 2.0 s. As mentioned in Section 3.4 and
detailed in Table 2, there are 71 star field frames with varying exposure
times from 0.5 to 9.0 s.

Stellar profiles were extracted using a 9 x 9 pixel aperture, a size
sufficient to capture the full profile according to the PSF analysis pre-
sented earlier. To quantify the total incoming signal, the value of each
pixel count was scaled to the gain level of one reference channel, then
divided by the normalized spectrum of the star at the wavelength of the
same reference channel. The reference channel was chosen at 0.806 pm,
corresponding to channel number 12. The sum of the resulting values
is the channel-normalized incoming signal I,,,, as would have been
measured by a pixel area of the detector that operates in the regime
of reference channel 12. We used the calibration data provided by the
Mars swing-by to retrieve updated information about the relative gain
levels of different channels. The entire processing pipeline is detailed
in Appendix A.

The I,,, values were computed for 367 star profiles. The results
are summarized in Table C.6, which lists all stars with more than 5
detections. The last column shows the sensitivity value of the reference
channel for point-like sources, calculated as the average of all detec-
tions. The sensitivity calculation takes into account the filling factor of
the detector’s geometry,

1
Sp=—=L 6

~ JnXFF
The distribution of the sensitivity constant derived from the measured
reference-channel signals is shown in the upper panel of Fig. 13. The
measurements are fitted with a Gaussian distribution. The peak value
is found at x4 = (3030 + 40) DN/(10~'! Jm~2 nm~!), which provides
the first in-flight estimate of the effective response of the detector in
the reference channel. The measurement uncertainties combined with
the systematic errors of the theoretical model are outlined in a standard
deviation of the distribution of ¢ = 730 DN/(10~11 Jm=2 nm™!). This
is an upper limit of the measurement uncertainties, and the value is
consistent with the condition imposed on the lower limit of the S/N
ratio.

The lower panel of Fig. 13 compares the measured channel-
normalized incoming signal with the convolved stellar irradiance de-
rived from the HYG catalog. Because low-signal stars are strongly
affected by readout noise, the regression is performed with weights
proportional to the inverse signal, thereby limiting the influence of
noisy data points. The resulting weighted fit yields a correlation coeffi-
cient of R? = 0.926, indicating good agreement between the instrument
response and catalog-based expectations. Also, this validates the use of
a single linear sensitivity coefficient for the reference channel. Neither
gain compression nor non-linear digitization effects play a significant
role within the flux range sampled by the stellar fields data. The
high-signal stars align closely with the fitted relation.

11

Icarus 454 (2026) 117081

[ Star fields data
Gaussian fit I—* X
30 | ——]
t il
Fos 20 | ’
O
o | N '
— ]
1500 2000 2500 3000 3500 4000
Sref (DNj‘lmznm) lell
4 ® HS-H star profiles @ L
10%4 Weighted linear fit )
= ®
= & g
[a] )
; e B
~10° o )
“ el
©
a‘,’!ﬂ‘ R2=0.926
°
10712 1071

Jref (Wm~2 nm~1)

Fig. 13. Top: Distribution of the reference-channel-normalized stellar signals.
A Gaussian model is fitted to the histogram. Bottom: Comparison between mea-
sured reference-channel signals and convolved stellar irradiances. A weighted
linear regression is applied using weights proportional to 1/1,,,, reducing
the input of noisy detections. The resulting best-fit line and coefficient of
determination are shown. In both subplots, the outlier values leading to very
high sensitivity were discarded to avoid large model errors.

The model uncertainties are not negligible when deriving the
reference-channel flux using a simple Planck-law approximation. The
cool giants (e.g. M2-M3) are an illustrative example for this kind
of error as the real spectral energy distribution departs significantly
from a blackbody due to the complex molecular opacity in their
atmospheres (Fluks et al., 1994). As a result, the calculations can be
biased depending on how the real spectrum is shaped by absorption
features. These biases lead to large sensitivity values as one can see
in Table C.6 for o Ori and HD 56618, which are red giants on the
asymptotic giant branch of spectral type M3Sv and M2III, respectively.
In their case, the model spectral density across the visible band in
underestimated. This makes Eq. (A.5) unreliable, leading to sensitivity
values around u +2.56 and p + 76. On the other hand, § CMa (Wezen)
and a Lyr (Vega) exhibit an almost featureless spectrum. Thus, the
model errors are much smaller. This is confirmed by the calculated
sensitivity values, which are much closer to the distribution parameter
u, inside i%o‘.

The spectral fluxes shown in Fig. 14 were obtained using only
the detector pixel located at the maximum of each stellar PSF. This
“peak-pixel” allows a direct comparison between detected signals and
real physical spectra. The DN values measured at the PSF peak were
converted into spectral flux density using the radiometric constant
derived earlier from the Gaussian fit to the sensitivity distribution,
specifically the mean value u. The HS-H measurements closely follow
the convolved reference spectra, validating the updated spectral and
photometric calibration.

To robustly evaluate the instrument’s spectral response, we com-
pared our reconstructed stellar spectra against multiple data sources.
The spectrum of § CMa was estimated as the spectrum of a standard
star with a similar spectral type, C26202, retrieved from the CALSPEC
database (Bohlin et al., 2014). Data products including spectra of «
Tau (Johnson, 1977) and « Lyr (Rieke et al., 2011) were retrieved
with the help of VizieR catalog (Ochsenbein et al., 2025). Additional
photometric data were retrieved using the same service.
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Fig. 14. Comparison between the measured HS-H channel fluxes (data points
along with error bars) and reference spectra stars: Vega (AOV), Aldebaran (K5
I1I), and Wezen (F8 Ia). The lines show the high-resolution reference spectrum,
and the dashed lines with squared data points show the same spectrum
after convolution with the HS-H transfer functions. The triangles indicate
independent photometric fluxes retrieved from VizieR service. The featureless
curves represent spline fits of the HS-H observations, and the shaded bands
illustrate the expected variation due to the PSF distribution. All spectra are
shown as flux density versus the effective wavelength of each HS-H channel.
Aldebaran spectrum is smoothed only for improving visualization.

The spectrum of C26202 was scaled according to the difference
between the visual magnitudes of the two stars. No scaling was applied
to the spectra of « Tau and a Lyr. The spectrum of Aldebaran was
smoothed through a rolling average (boxcar filter with a window size of
301 data points) with the sole purpose of improving data visualization.

High-resolution spectroscopic references were utilized to establish
a precise ground truth, while photometric spectral energy distribution
data retrieved via VizieR provided a necessary baseline for understand-
ing uncertainties inherent to broad-bandpass measurements.

The shaded PSF band in Fig. 14 represents the range of possible
flux values associated with variations in the PSF across the detector.
Because the width and shape of the PSF change slightly depending on
the exact landing position of the diffraction figure on the detector chip,
the fraction of the total stellar flux that falls into the peak pixel is not
constant. PSF simulations show that the central pixel captures between
5.4% and 13.3% of the total incoming flux, with an average of 9.4%.
This spread directly translates into an uncertainty on the expected
peak-pixel flux, which is visualized as the shaded band in the plot.

While our empirical data generally trace the theoretical model we
developed, some reconstructed points fall outside the shaded vari-
ance regions. This indicates that our initial error estimations, which
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accounted only for Poisson noise, dark current, and read-out noise,
slightly underestimate the total uncertainties. These deviations are
likely driven by unmodeled factors such as random noise from tempo-
rary warm pixels, background fluctuations (which particularly impact
the low signal-to-noise observations of Vega at 0.5 s and Wezen), and
residual systematic errors in the PSF modeling.

As HS-H is based on filter with a significant band width, it lacks the
spectral resolution to fully resolve narrow stellar features, such as the
deep absorption band in Aldebaran’s spectrum. As demonstrated by the
HSH-convolved theoretical spectrum included in Fig. 14, the instrument
registers only a slight flux drop in this region, comparable to the local
noise level. This challenge of reconstructing a spectrum from a single
pixel across multiple frames served as a rigorous stress test that strongly
validated our calibration pipeline. Future observations of the extended
mission target will be comparatively straightforward, as they will not
be required to account for such complex PSF corrections.

4.6.2. Mars cross-calibration

The accuracy of stellar calibration is insufficient for characterizing
the fine features of asteroid spectra. Thus, Mars cross-calibration is
crucial to better characterize the relative gains of HS-H channels. We
are performing a cross-calibration of the laboratory-based radiometric
calibration of the HS-H instrument by comparing it with Mars surface
data acquired during the cruise phase. Specifically, we have analyzed
reflectance measurements from several regions such as Huygens, Schi-
aparelli, Schroeter craters or brighter terrains of the Mars surface. The
spectral data acquired from such images have been compared to CRISM
spectral data (Murchie et al., 2007) to validate and refine the in-flight
calibration.

For each set of CRISM measurements, we retrieve manually the me-
dian spectra from each HS-H exposure within a ROI that has the same
spread as the area from which CRISM data was gathered. The official
interactive map of high-resolution observations was used to retrieve
the data.” To compare the data, we compute the response of CRISM
irradiance spectra within the HS — H filters. However, CRISM data is
accurately provided only for the spectral range above 0.70 pm. So, we
fit a cubic spline over the CRISM irradiance spectrum, extrapolate the
missing interval between 0.65 pm and 0.70 pm, and convolve with HS
— H transmission functions. For this comparison, we did not take into
account the HS — H channels with wavelengths under 0.70 pm to avoid
artifacts. Validation against observed spectra indicates a maximum
extrapolation error of 5%. Because the out-of-band contribution in the
0.65-0.70 pm range represents a minor fraction of the total cumulative
transfer function of each channel (peaking at ~30% for the 0.702 pm
channel and falling to 2%-10% for longer wavelengths), the systematic
error induced by this extrapolation is strictly bounded at ~1.5% for the
worst-case channel and <0.5% for all others. These uncertainties have
been included in the sensitivity error calculations.

An example of the comparison between HS-H observed and CRISM
spectra is illustrated in Fig. 15, where we analyze one subregion of
the Huygens crater. The figure presents normalized irradiance spectra
from multiple HS-H exposures within the selected ROI, alongside the
corresponding HS-H convolved CRISM spectrum. The results demon-
strate a good agreement in spectral shape between multiple HS-H
measurements. However, we observe systematic offsets between CRISM
and HS-H data that are consistently present across the spectral com-
parisons derived for all the regions we have investigated so far. These
discrepancies guide further refinement of the radiometric calibration
by adjusting the gains for each filter.

To refine the radiometric calibration, we first average the HS-H
observations within each region of interest to reduce random noise and
increase the S/N ratio. We then compute the ratio between these aver-
aged spectra and the corresponding CRISM-derived spectra (convolved

4 http://crism-map.jhuapl.edu/
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Fig. 15. Comparison between the mean HS-H reflectance spectrum of a subre-
gion of Huygens crater (line) and the CRISM average spectrum convolved with
the HS-H filter responses (line with data points). Individual HS-H observations
from different Mars frames are shown as semi-transparent points with error
bars, each corresponding to a distinct pointing of Mars and phase angle. All
spectra are normalized at 0.806 pm.

with the HS-H spectral responses). These ratios define a preliminary
set of radiometric correction coefficients across the given spectral
range. Fig. 16 shows the resulting channel-by-channel sensitivity curve
obtained from the in-flight calibration, compared directly with the
pre-flight laboratory measurements. The detailed values for the in-
flight sensitivity factors, along with their associated uncertainties, are
listed in Table 4. The in-flight spectral responses take into account the
radiometric constant determined from stellar observations. The relative
gain factors across the spectral channels are determined exclusively
from Mars observations.

Direct cross-calibration was not possible for the three shortest-
wavelength channels (<0.70 pm) due to a lack of spectral overlap.
We estimated the values by linearly extrapolating the derived cor-
rection coefficients, defined as the channel-averaged ratios between
the CRISM-convolved reflectances and the corresponding HS-H re-
flectances. , the extrapolation introduces an additional uncertainty for
these three channels, which has been incorporated into their final
€errors.

Comparison of the calibration datasets indicates that the in-flight
spectral response was altered by the lower operating temperatures in
space. This shift in the thermal environment caused channel-dependent
sensitivity deviations of approximately 10%. These deviations are
systematic and exceed the calibration uncertainties estimated during
ground-based testing.

The observed deviations of the sensitivity with respect to the pre-
flight baseline are likely driven by a combination of two physical
mechanisms. The first potential cause is the temperature dependence
of the silicon detector’s band-to-band absorption coefficient (Sturm and
Reaves, 1992; Nguyen et al., 2014). At colder operating temperatures,
the semiconductor lattice contracts and the bandgap widens, which
reduces the CMOS detector’s intrinsic quantum efficiency (Velichko
et al., 2019). The second hypothesis is that temperature variations
affect the transmission profiles of the monolithic Fabry-Pérot filters
of HS-H because of the thermal contraction of the filter substrate and
temperature-dependent refractive indices, which can alter the optical
behavior of the narrow-bandpass filters (Takashashi, 1995). So far,
these coupled effects can be quantified holistically by cross-calibrating
our Mars surface data with those from other instruments. To decou-
ple and characterize these deviations, additional laboratory tests are
intended to be conducted in the future using a sensor identical to that
of HS-H.

4.6.3. Spectral behavior of different Sun literature spectra

To investigate the potential origin of the systematic correction coef-
ficients observed in our radiometric calibration, we examined whether
uncertainties in the solar reference spectrum used in our pipeline could
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Fig. 16. Comparison between the pre-flight and in-flight radiometric sensitiv-
ity curves of HS-H as a function of channel wavelength. The larger in-flight
sensitivities are derived from Mars surface observations acquired during the
cruise phase, while pre-flight values are retrieved from laboratory calibration.

Table 4

In-flight HS-H radiometric parameters. The table lists the
effective wavelength, the measured sensitivity with associated
uncertainties, and the band-averaged solar irradiance at 1 au
derived from the Bohlin et al. (2001) solar spectrum used to
normalize radiance to reflectance (I/F).

Wavelength Sensitivity Solar irradiance
pm 10° DN/(J/(m2sr nm)) W m2 nm™!
0.661 295 + 0.16 1.324
0.670 3.67 + 0.19 1.375
0.688 4.86 + 026 1.364
0.702 495 + 0.11 1.323
0.713 542 + 0.09 1.306
0.730 547 + 0.09 1.290
0.741 5.19 + 0.09 1.272
0.754 6.03 + 0.10 1.251
0.769 5.12 + 0.09 1.214
0.782 5.00 + 0.09 1.197
0.790 4.53 + 0.08 1.153
0.806 4.06 + 0.07 1.138
0.817 386 + 0.07 1.116
0.830 420 + 0.07 1.083
0.844 4.62 + 0.08 1.063
0.855 3.53 + 0.06 1.012
0.867 3.39 + 0.06 1.009
0.881 3.78 + 0.07 0.983
0.893 435 + 0.08 0.959
0.901 472 + 0.08 0.948
0.916 3.58 + 0.06 0.956
0.924 346 + 0.06 0.963
0.934 3.67 + 0.06 0.962
0.944 4.02 + 0.07 0.945
0.952 444 + 008 0.933

contribute to the discrepancy. We compared our adopted baseline
solar spectrum (Bohlin et al., 2001) to several alternative literature
spectra, including the Kurucz model (Kurucz, 1993), Air Mass 0 and
1.5 solar analogs (Gueymard, 2004) and MODTRAN extraterrestrial
solar spectra (Berk et al., 1987) that include multiple versions based
on different source combinations. Each spectrum was normalized and
convolved through the HS-H filter responses to isolate spectral shape
differences within HS-H operational range.

We measured deviations from the baseline spectrum and they re-
mained below 2%, and most spectra stayed within +1% of the baseline.
This analysis indicates that differences among solar reference spectra
are too small to account for the magnitude of the correction coefficients
derived from cross-checking with CRISM data.

Consequently, we retain the Bohlin et al. (2001) spectrum as our ra-
diometric baseline. The band-integrated solar irradiance values derived
from this spectrum, which serve as the basis for our Reflectance factor
(I/F) conversion, are detailed in Table 4.
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4.7. Geometric calibration

The telescope within the HS-H instrument follows a three-mirror
anastigmat configuration. This design is subject to barrel distortion, a
phenomenon in which the focal length decreases towards the edges of
the field. Another effect observed is related to the optical anisotropy;
the axes X and Y of the detector are characterized by different pixel
scales due to focal length variation. Together, these effects cause the
image to appear slightly stretched in one direction and curved to-
ward the center, requiring correction through anisotropic scaling and
distortion modeling.

An estimate of the instrument’s FoV was obtained in the laboratory
using backward ray tracing, which involved constraining the position
of the spot on the image plane and measuring the corresponding
field angle. This method determined that the largest rectangular FoV
observed is 15.9° x 9.9°. These effects are characterized below using
in-flight observations of various star field images.

4.7.1. Alignment with the spacecraft

The instrument kernel provided by ESA SPICE incorporates the FoV
of HS-H. Several star-field frames were acquired to test the alignment of
the instrument. It was identified a boresight misalignment that gener-
ates pointing errors of up to 100 pixels. The cause of these errors is the
offset between the actual optical axis (as followed by the instrument in
flight) and the nominal direction defined in the instrument kernel.

The boresight misalignment was estimated following an optimiza-
tion approach to minimize the pointing offset by reducing the mean
squared error between the observed pixel coordinates of the stars and
those obtained from SPICE (after converting the celestial equatorial
coordinates to pixel coordinates). The alignment corrections derived
from this process do not take into account the effects of distortion.
However, they significantly improve the precision of the pointing.

The celestial equatorial coordinates, right ascension and declina-
tion, are included in the header of the HS-H images, and they cor-
respond to the location of the spacecraft pointing. The optimized
projection computed for these coordinates is at pixel (529,1115). On
the other hand, the camera pointing corresponds to the center of the
image at pixel (x(, yy) = (544, 1024).

4.7.2. Optical anisotropy

The average focal lengths along the X and Y axes differ, indicating
anisotropy in the optical system, i.e. the image scale is different in the
horizontal and vertical directions.

The in-flight focal length of the imaging system can be derived from
the astrometric World Coordinate System (WCS) fitted to the star field
observations corrected for barrel distortion, such that WCS worked with
undistorted coordinates only, (x,,y,). For this procedure, we used only
the star fields with more than 3 stars detected, meaning a total of 31
frames.

Plate scales sy = 28.3 arcseconds/px and sy = 34.0 arcseconds/px
were calculated as Euclidean norms of the respective column vectors
of the WCS CD matrix (Shupe et al., 2005). As barrel distortion was
corrected, these scales will correspond to focal lengths at the centers of
the X and Y axes, in the paraxial approximation, f = m, where
l,x = 5.5 pm is the pixel size. Thus, we get fy = 39.9 + 0.1 mm and
fy = 33.27 £ 0.05 mm. These values are in very good agreement with
the measurements provided by the instrument manufacturer. The FoV
without any distortion would be in this case 10.2° x 16.0°. Additional
mathematical details are provided in Appendix B.

4.7.3. Barrel distortion

The focal length varies with field position along both axes, which
is characteristic of radial (barrel) distortion: points farther from the
optical center are projected closer to the center than they would be
in an ideal pinhole camera.
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Fig. 17. Comparison between the distorted stellar field (star signs) and the
expected undistorted positions derived from the WCS solution (cross signs).

A single star field frame is not sufficient to evaluate the field distor-
tion because the number of detected stars used to derive the correction
polynomials would be low, providing only one or two reference points
at the edges of the field. To address this, we combine the data retrieved
from multiple frames and evaluate the distortion once. A total of 312
detections of stars were made across 71 frames. Each star was identified
using the HYG catalog, as described in Section 3.4. The detections
cover most of the field of view (FoV), as illustrated in Fig. 17. Future
observations of stellar fields will further extend this spatial coverage.

To characterize and correct the optical distortion, a two-dimensional
third-order polynomial was fitted to the displacement field between
the distorted and undistorted coordinates. The model was fitted using
80% of the data, while the remaining 20% was reserved for testing.
The resulting distortion model was subsequently applied to compute
the corrected (undistorted) pixel positions of the testing subset of 20%
detections. Therefore, we evaluated the residuals between the predicted
and reference WCS positions. The corresponding distributions of the
projection errors along both detector axes are presented in Fig. 18,
illustrating the projection errors for the fitting and test data.

If barrel distortion is not taken into account, the method performs
well near the center of the FOV, where position errors remain within a
few pixels. However, toward the edges of the field, particularly on the
left and right sides, the position errors increase significantly, reaching
up to several tens of pixels. The WCS solutions are projected onto the
distorted field using both the pre-flight and in-flight calibrations.

The RMS errors derived from the test set provide an independent
estimate of the geometric calibration precision. Table 5 summarizes this
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Fig. 18. Histograms of residuals from the in-flight geometric calibration
model. The larger bars represent the residuals for the data used in model
fitting, while the lower bars show the distribution for the independent test
set. The top panel corresponds to X-axis errors, and the bottom panel to Y-
axis errors.

Table 5

Root mean square (RMS) residuals obtained when
applying the pre-flight and in-flight geometric correc-
tions on the star fields test set.

Calibration dataset Star fields Checkerboard
RMSy (px) 0.36 14.9
RMS,, (px) 1.87 12.3
RMS (px) 1.90 19.3

evaluation on both axes due to the distortion corrections obtained from
the star field images and from the laboratory checkerboard data (from
pre-flight calibration). The data set on which the in-flight distortion
model has been fitted was reused to compute the re-projection errors.
There is no significant difference between the RMS errors computed for
the test set and those of the re-projections. Thus, the dataset was not
overfit and we may assume good generalization performance.

A better match is observed in the case of the in-flight calibration.
This is also supported by the fact that the RMS residuals are much larger
for the pre-flight calibration, indicating its reduced reliability under in-
flight conditions. Visual comparisons between pre-flight and in-flight
distortion corrections can be seen in Fig. C.21. There we applied the
corrections on the same test image, a star field acquired with a 9-second
exposure time.

A slight inclination of the grid can be noticed if we apply the in-
flight corrections to correct the checkerboard distortions. The checker-
board pattern appears rotated by a small angle toward the right side as
seen in Fig. C.22. During the pre-flight calibration, it was assumed that
the reference checkerboard image was observed face-on. Nonetheless,
there are several plausible explanations for these differences, e.g. the
checkerboard was not observed exactly face-on or minor geometric
effects in the optical alignment that during flight could introduce this
small tilt.

The focal length variations on both axes are derived from the in-
flight calibration according to Eq. (B.1)-Eq. (B.4). For each detection,
we calculated the focal length at that position on the detector where the
star had been detected. In Fig. 19 is shown the dependence between
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Fig. 19. The focal lengths with respect to the field angle on both detector
axes. The markers represent the data points determined from the star fields
data, whereas the baseline data obtained in the laboratory by the instrument
manufacturer is plotted with a solid line. The data points on the bottom part
of the plot correspond to the field angles determined for the shorter axis, X.

the focal lengths and the field angles determined for both axes. The
Y-axis focal length measurements are in agreement with the laboratory
baseline (RMS error of 0.62 mm), with random scatter consistent with
measurement uncertainties. However, the X-axis measurements exhibit
a different field-angle dependence (RMS error of 2.57 mm), suggesting
a change in the optical system. This might be related to the previous
observed differences between the pre-flight and in-flight calibrations.

5. Summary

We presented a comprehensive in-flight calibration of the HS-H
hyperspectral imager aboard ESA’s Hera spacecraft, based on observa-
tions acquired after the launch in October 2024, including the Mars
swing-by in March 2025 and the last observing session in September
2025. The instrument was operated at a wide range of exposure times
and illumination conditions. However, HS-H works in space at very
low temperatures (~—12°C) compared to the ambient temperatures at
which most of the pre-flight calibration experiments had taken place.
Thus, the in-flight assessment of HS-H performance is required to
update the calibration parameters.

The detector bias structure remained highly stable over the cruise
of HS-H. The median bias level fluctuated only between 144-156 DN,
with no evidence of long-term structural changes. A small number
of bad pixels were identified, including three permanently corrupted
rows of pixels. The bias distribution and behavior were stable, and
the detector’s readout noise was measured to be roughly 8 DN, consis-
tent with expectations. Short-exposure dark frames show dark current
to be negligible compared to bias fluctuations, and no correlation
with temperature or exposure time was observed for exposures below
100 ms. Longer dark-like frames reveal faint horizontal banding and
low-amplitude structures, but their contribution remains minor.

The Earth-Moon observations and stellar exposures confirm that
the detector response is linear across the unsaturated regime., whereas
measurements from Vega exposures yield FWHM values in excellent
agreement with pre-flight expectations (around 1.6 px). Spatial varia-
tions of the PSF across the detector spanned between 1.2 and 2.2 px
and the simulated PSF models confirm that between 10%-26% of the
total stellar flux falls into the peak pixel as validated by the observed
stellar profiles.

The distorted field of HS-H was assessed using star-field observa-
tions acquired at multiple pointings and exposure times. A total of
71 frames were processed, enabling the identification of 312 stellar
detections after reliable SNR filtering. These measurements allowed us
to quantify the optical distortion across the FoV and verify the camera
alignment. The RMS residuals of the distortion model were quantified
at 0.36 px on X-axis and 1.87 px on Y-axis.
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Using 367 stellar profiles, we derived the first in-flight sensitivity
estimate for the reference channel at effective wavelength of 0.806 pm.
The distribution of measured sensitivities is well described by a Gaus-
sian with the mean at (3030 + 40)x 10'' DN / (J m~2 nm~!). HS-H spec-
tral measurements agree well with catalog spectra convolved through
the instrument response, validating the photometric consistency of the
in-flight calibration.

Mars cross-calibration showed the differences in the values of the
radiometric constants used in calibration. A first assessment of the in-
flight radiometric constants has been made using several standard stars
and few regions from Mars surface observed also by CRISM instrument.
An extended cross-calibration process is under development and will
be published in a separate article. The instrument demonstrated ex-
cellent performance under planetary-surface illumination conditions.
Comparisons between HS-H reflectance spectra and CRISM data for
multiple regions (e.g., Huygens, Schiaparelli, bright terrains) show con-
sistent spectral shapes, but systematic offsets between the two datasets
highlight the need to update the radiometric calibration constants.

We recommend that the newly derived in-flight calibration param-
eters replace the preliminary ground calibration data for all future
scientific data processing. The cold space environment changed the
detector’s thermo-electrical behavior and the optics probably were also
affected by the launch procedure. The sole exception is the flat field
calibration, which must continue to rely on pre-flight laboratory data
as no in-flight flat fields were acquired.

Future efforts will focus on two complementary directions. First,
we will perform dedicated simulations of the final stage of the Hera
mission, reproducing the geometry, illumination conditions, and sur-
face properties expected during the close-proximity operations at the
binary near-Earth asteroid (65803) Didymos. Second, the calibration
products presented here will continue to be refined as new in-flight
observations become available. Stellar fields, bias, and dark frames
acquired throughout the cruise and approach will allow iterative im-
provement of the radiometric, geometric, and noise-characterization
models, ensuring the highest possible accuracy of the HS-H data for
the scientific phase of the mission. A calibration version that will be
released following the processing of a statistically significant volume
of new calibration data, or if any systematic degradation is detected.
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Appendix A. Noise-free simulation of PSF and stellar profile

Here we present the simulation method we used to quantify the
effects of the PSF on the stellar profiles detected by HS-H. One can
simulate this type of profile by centering the PSF distribution at differ-
ent locations inside a pixel area and numerically integrating the PSF
distribution in the rectangular domains bound by each pixel taking
into account the filling factor of the instrument (42% for HS-H). A 2D
Gaussian PSF with FWHM between 1.2 and 2.2 pixels was modeled, and
the fraction of total PSF flux collected by each active detector pixel was
determined for three illustrative centroid positions: (i) peak centered
on a pixel center, (ii) peak positioned between two pixels along one
axis, and (iii) peak positioned at the intersection of four pixels. The
results are visualized as 3D surface plots in Fig. A.20. The model
assumes gaps, i.e. inactive detector area, between the squared pixels.
These simulations demonstrate that the centroid position significantly
affects the spatial flux distribution. However, the total collected signal
is slightly affected by the centroid position, varying between 40.5% and
41.5% of the total expected flux.

The results show that 10.8%-26.6% of the flux is distributed to the
central pixel, depending on the FWHM and the position of the PSF
centroid on the detector. Also, at least 98.5% of the flux is collected
within a 7 x 7 square aperture, whereas 100% of the flux is contained
in a 9 x 9 square aperture (with the central pixel containing the peak
of the PSF).

The normalized stellar spectrum values, fl with y from 1 to 25,
were evaluated with the help of Planck’s radiation law, temperature
and spectro-photometric data provided by the HYG catalog (literature
spectra were used for a few stars such as Vega, Aldebaran and Wezen).
The blackbody radiation curve is convolved using the HS-H transmis-
sion functions. Using the catalog data, the effective stellar temperature,
T, is estimated from the star’s color index, B-V, using the empirical
Ballesteros’ formula:

(A1)

1 1
T = 4600 K +
off (0.92 SBV)+1.7 " 092-(B-V)+062 >

The star’s radiance spectrum, B,, is approximated using the Planck
function for the estimated temperature Teg,

2hc?

he
2 (em —1)

where £ is the Planck constant, ¢ is the speed of light, and k is the
Boltzmann constant. The blackbody spectrum is scaled to the true

B,(A.T) = (A.2)
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Integrated PSF within each pixel

Fig. A.20. Simulated PSF flux distribution spread on a detector grid geometry characterized by a 42% filling factor. Three scenarios illustrate the impact of PSF
centroid position on the distribution of the collected signal per pixel: peak centered on a pixel (left), peak between two pixels along one axis (middle), and peak
at the intersection of four pixels (right). The detector pixels are color-coded by the fraction of total PSF flux collected (colorbar, right), while the semi-transparent
surface represents the normalized 2D Gaussian PSF (FWHM of 1.6 pixels). Gaps between pixels represent inactive detector area. The centroid position significantly
affects the flux distribution and total collected signal, with maximum collection efficiency achieved when the PSF is centered on a pixel.

absolute flux received at Earth by using the known visual magnitude,
Vinag- The total flux density in the V-band, Fy, is determined using
Pogson’s ratio relative to the V-band zero-point flux density, Fy, zp =
3.67x 107" W m=2 nm~! (Colina et al., 1996),

Fy = Fyzp - 10704V mag (A.3)

Then, B, is integrated over the V-band wavelength range to find the
flux of the blackbody spectrum in the V-band:

Fapy /2 = —— / B,(LT)di @A)
’ A)”V v

where Q is the solid angle within the star is observed. The entire Planck
spectrum is scaled by the ratio of the true V-band flux, F), to the
blackbody V-band flux, Fgg )/,

Fy

Fapy

i B,Q (A.5)

The obtained irradiance spectrum j, is convolved with the HS-H filter

transfer functions, 7, ;,
;- [ ity aAdA A6
r [, Ada ’

and then normalized to the median channel, j + = J, /13- Further, the
channel-normalized incoming signal is determined as

1(x,y)

i 3 (A.7)
A Jeh(x,y) Sch(x.y)

Iref =
where A is the extracted aperture area, (x,y) the position on the
detector of a pixel inside A, ch(x,y) is the channel corresponding to
the pixel at (x, y), and I(x, y) the corresponding DN value. The relative
sensitivity constant of channel ch(x, y) is $,.,, with $j, = 1.

To evaluate the PSF values, we apply a pixel-wise division. For
instance, let us take an arbitrary pixel at (x,y). Then, we estimate
the PSF value as the ratio between the observed signal within that
pixel, normalized to the reference channel, and the channel-normalized
incoming signal,
PSF(x,y) = M

S (A.8)
]eh(x,y) Sch(x,y)

Appendix B. Geometric calibration

The right ascension and declination of detected stars were used to
determine a tangent-plane projection (TAN) via the Astropy
fit wes_from_points routine. The WCS solution provides the pixel scale
along each detector axis through the elements of the linear transfor-
mation matrix, which convert pixel coordinates to angular units on the
sky.
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To assess the variation of the focal length along the two optical axes,
we consider the angular projections (fy,6y) on both axes, measured
between the observed position of the stars, (x;,y;), and the optical
center of the image located at (x,, y.). Then, the focal lengths read

_ (yd - yc)lpx
fX(e}’) - W
_ (xd - xc)lpx
fy(0x) = any (B.1)

The expected FoV without any distortion can be computed directly
using the following equations,

nyl
_ 1 X px
FoVy =2tan (_ny ) (B.2)
FoVy = 2tan”! (w) (B.3)
2fx

where ny = 1088 and ny = 2048 are the number of pixels along each
axis.
The angular projections are easily retrieved with WCS,

GX = (xu - xc)sX

Oy = Oy — ye)sy (B.4)

Hence, if the distortion mapping x, — x, is known, the focal length
behavior along that axis can be determined, and vice versa.

The pixel coordinates (x,,y;) were extracted from the distorted
field as the centroids of the PSF profiles, after normalization using the
specific radiometric constant of each spectral channel. The correspond-
ing undistorted positions (x,, y,) were determined from the known sky
coordinates (RA, Dec) of each star using the WCS solution provided by
the SPICE kernels.

The distortion model is fitting two third-order polynomials, f, and
fy» such that

(B.5)
(B.6)

Si(xgq,yq) = Ax
fy(xd’yd) =4y

where Ax = x,—x, and Ay = y, —y, represent the distortion corrections
along each axis. The polynomial coefficients were estimated through
a least-squares fitting procedure using a subset of the matched star
detections.

Appendix C. Additional material

See Figs. C.21 and C.22 and Table C.6.
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WCS projection
Detected sources

(O Distorted WCS projection
Detected sources

(O Distorted WCS projection
Detected sources

@

Aludra

O}

HD 596

(a) No distortion calibration (b) Pre-flight calibration (c) In-flight calibration

Fig. C.21. Comparison of WCS projections and detected sources with (a) no distortion calibration, (b) pre-flight calibration, and (c) in-flight calibration. The
calibration is applied such that the WCS solutions are projected on the distorted field of HS-H.

(a) No distortion calibration (b) Pre-flight calibration (c) In-flight calibration

Fig. C.22. Comparison between checkerboard images after applying (a) no distortion calibration, (b) the pre-flight distortion corrections, and (c) the in-flight
distortion corrections. The calibration is applied to obtain an undistorted field of HS-H.
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Table C.6

Icarus 454 (2026) 117081

Star identifier, number of detections (#), coordinates, photometric properties, spectral type, expected spectral irradiance at
the HS-H passband, measured count rate, and the resulting sensitivity estimate for each calibration star observed during the
in-flight cruise. Data are retrieved from the HYG stellar catalogue.

Star ID # RA Dec V mag B-V Spectral Jref Loes Sensitivity
(h) (deg) type 102Wm™3 DN/s DN/(102Jm—3)

a Lyr (Vega) 54 18.615 38.783 0.03 —0.001 AOV 1.1808 1529 + 262 3221 + 552
5 CMa (Wezen) 27 7.139 —26.393 1.83 0.671 F8la 0.4896 550 + 94 2794 + 477
HD 56618 25 7.276 —27.881 4.66 1.589 Ma2II1 0.0782 148 + 24 4713 + 770
n CMa (Aludra) 20 7.401 —29.303 2.45 —0.083 BSIa 0.1443 172 + 51 2958 + 872
¢ CMa (Unurgunite) 16 7.028 —27.934 3.49 1.729 KA4III 0.2577 309 + 37 2981 + 357
e Tau (Ain) 16 4.476 19.180 3.53 1.014 KoIII 0.1370 147 + 26 2673 + 480
& Pup (Azmidi) 15 7.821 —24.859 3.34 1.218 G6la 0.1938 217 + 27 2782 + 351
o Tau (Aldebaran) 15 4.598 16.509 0.87 1.538 K5III 2.4606 3199 + 234 3233 + 237
¢ CMa (Adhara) 13 6.977 —28.972 1.50 -0.211 B2II 0.3100 286 + 91 2296 + 732
y Tau 13 4.329 15.627 3.65 0.981 G8III 0.1193 143 + 19 2989 + 391
o' CMa 12 6.902 —-24.184 3.89 1.740 K3Iab 0.1799 188 + 40 2602 + 547
1 Pup 12 7.725 —28.410 4.63 1.632 K5III 0.0833 113 + 21 3379 + 622
HD 56577 11 7.276 —-23.315 4.83 1.601 K411 0.0675 90 + 10 3313 + 366
5! Tau 10 4.382 17.542 3.77 0.983 G8III 0.1070 110 + 23 2567 + 524
6" Tau 8 4.476 15.962 3.84 0.952 G711 0.0977 112 + 27 2852 + 698
o' Ori 6 4.875 14.250 4.71 1.773 M3Sv 0.0868 223 + 54 6381 + 1548
» CMa 6 7.246 —26.772 4.01 —0.150 B2IV 0.0324 60 + 12 4600 + 949
0* CMa 6 7.050 —23.833 3.02 -0.077 B3Ia 0.0858 86 + 27 2483 + 775

Data availability

Data will be made available on request.
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