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Carbonaceous (C-type) asteroids' are relics of the early Solar System that have
preserved primitive materials since their formation approximately 4.6 billion years
ago. They are probably analogues of carbonaceous chondrites** and are essential for
understanding planetary formation processes. However, their physical properties
remain poorly known, because carbonaceous chondrite meteoroids tend not to
survive entry to Earth’s atmosphere. Here we report on global one-rotation
thermographicimages of the C-type asteroid 162173 Ryugu taken by the thermal
infrared imager (TIR)* onboard the spacecraft Hayabusa2’, indicating that the
asteroid’s boulders and their surroundings have similar temperatures, with a derived
thermalinertia of about 300 ) m2s %3 K™ (300 tiu). Contrary to predictions that the
surface consists of regolith and dense boulders, this low thermal inertia suggests that
the boulders are more porous than typical carbonaceous chondrites® and that their
surroundings are covered with porous fragments more than 10 centimetres in
diameter. Close-up thermal images confirmed the presence of such porous fragments
and the flat diurnal temperature profiles suggest a strong surface roughness effect’®,
We also observed colder boulders in the close-up thermal images, with thermal inertia
exceeding 600 tiu, corresponding to dense boulders similar to typical carbonaceous
chondrites®. These results constrain the formation history of Ryugu: the asteroid
must be arubble pile formed from impact fragments of a parent body with
microporosity® of approximately 30 to 50 per cent that experienced a low degree of
consolidation. The dense boulders might have originated from the consolidated
innermost region or they may have an exogenic origin. This low-porosity asteroid may
link cosmic fluffy dust to dense celestial bodies™.
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C-type asteroids are the most abundant taxonomic class in the outer
main beltand display reflectance spectrawith weak or no features and
with flat or very moderate slopes®*. Ground-based and space-based
remote observations of Ryugu™ have characterized the asteroid’s tax-
onomy as C-type, its rotation period to be 7.63 h, its diameter to be
about 0.85km, and its global thermal inertia to be 150-300 tiu, inter-
preting its surface as being covered with millimetre-scale granules.

After the spacecraft’s arrival at the Home Position, which is 20 km
earthward from Ryugu, Hayabusa2 globally observed the asteroid> ™,
confirmingitssize, rotationrate and albedo to be within the predicted
ranges, but finding its structure to be double-top-shaped, with perpen-
dicularly retrograde rotation'?, and subdued absorptions at around the
0.7 umand 3 umbands, indicating minerals less hydrated or dehydrated
in the past™". Ryugu has a bulk density? 0f 1,190 + 20 kg m and its
surface is evenly covered with boulders", without the kind of smooth
terrains found on asteroid 25143 Itokawa®. These facts indicate that
Ryugu is a rubble-pile asteroid with bulk porosity of 50% or higher,
assuming the asteroid is composed of Cl (about 2,420 kg m~) or CM
(about 2,960 kg m~) carbonaceous chondrites®.

Thermal imaging was conducted to investigate the surface physi-
cal state, especially in terms of particle size, porosity, boulder abun-
dance andsurface roughness, derived fromthe thermalinertia, which
isremotely sensed without physical contact—even for porous or loosely
bound surfaces. The surfaces of the Moon, Mars and large satellites are
predominantly covered with regolith, whichis formed by hyperveloc-
ity meteoritic impacts. However, the surface of small bodies remains
poorly known'because mostimpact ejecta could escape owing to the
low gravity, depending on the physical properties of the surface materi-
als; their surface physical state therefore needs in-depth investigation.

We obtained aset of high-resolution global thermalinfrared images
of asteroid Ryugu on 30 June 2018, at about 18 m per pixel or about
50 pixels across the disk of Ryugu, covering its rotation in steps of 6°.
Temperatures of the observed hemisphere ranged from300Kto370K
for the solar distance of 0.987 astronomical units (AU), at the typical
solar phase angle 0f18.5°, and arough surface of porous materials was
preliminarily indicated from the peak temperatures and flat diurnal
profiles™,

Higher-resolution one-rotation thermal image sets were taken at
an altitude of 5 km, with spatial resolution of about 4.5 m per pixel at
the solar distance of 1.057 Au, during the Mid-Altitude Observation
Campaign on1August 2018. Global thermal images of Ryugu at 90°
steps show the brightness temperature distribution on the asteroid
(Fig. 1), from 270 K (black) to 360 K (white). The colder regions, such
as the shadows, are black, whereas the hottest points at the base of
boulders are white, owing to self-heating or possibly the existence of
fine-grained sediments. Geologic features are seenincluding the largest
boulder Otohime Saxum (around 160 minwidth) at the south pole, the
largest crater, Urashima (about 270 m in diameter), the ridge around
the equator, and other boulders, craters and grabens. Surprisingly,
the boulders show similar temperatures to their surroundings (before
the arrival of Hyabusa2 the boulders were expected to be denser and
observed as cold spots).

A colour-scale brightness-temperature image of Ryugu plotted on
the asteroid shape model (SHAPE_SFM_200k_v20180804 in AiGIS) is
compared with simulated images" for eight uniform thermal inertia
models from 50 tiuto1,000 tiu (Fig.2). Although none of them matches
the observations perfectly, the apparent global thermalinertia of Ryugu
seems likely to be 300 +100 tiu for both large boulders and their sur-
rounding surfaces. It is also valid for the largest boulder Otohime
Saxum, whose surface is apparently flat®,

Diurnal temperature profiles of six different sites on Ryugu are shown
inFig.3and Extended Data Table 1, including alarge flat boulder at the
south pole, amedium-sized boulder in the equatorial region, and the
surroundingsites at low- and mid-latitudesinboth northern and south-
ernhemispheres. These profiles are compared to the calculation” for
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Fig.1| Thermalimages of Ryugu taken at 5kmaltitude during the Mid-
Altitude Observation Campaign.a-d, Thermalimages were takenon1August
2018 at the solar distance of1.06 Au and the Sun-Probe-Earth angle 0f 19.0°:

a, forthelongitude (Lon) of 0°; b, for the longitude 0of 90°; c, for the longitude
of180°;and d, for the longitude of 270°. Relatively higher temperaturesin the
southern hemisphere of the asteroid were due to the summer season. Geologic
features areclearly identified such as Otohime Saxum (the largest boulder
near thesouth pole, 160 m width) (a), Catafo Saxum (b), Cendrillon crater

(c), Momotaro crater (d), Kibidango crater (e), Urashima crater (the largest
crater, 270 m diameter) (f), Ejima Saxum (g), Kintaro crater (h), Tokoyo Fossa (i),
Brabo crater (j), Kolobok crater (k) and Ryujin Dorsum (the equatorial ridge) (I).

uniform thermal inertias. An extremely high surface roughness”® might
explain these flat diurnal profiles, when observed from a relatively
small solar phase angle of about 19°. In such a rough surface model, it
becomes colder at the nadir point, where not only the sunlit (hotter) but
alsothe shadowed (colder) surfaces are observed, whereas it becomes
hotterat the earlier and later local times, where the sunlit surfaces are
selectively observed but most of the shadowed areas are invisible from
the spacecraft. The diurnal temperature profile could be explained by
aglobal surface thermalinertia of 327 +127 tiu with aroot-mean-square
surface roughness of 0.4 + 0.05 (ref. 8). Although a two-layer surface
model also explains the shift of peak temperature and its delay from
thelocal noon, it never matches the flat diurnal temperature profiles™.
Similar flat diurnal temperature profiles have been observed on the
surface of comets 103P/Heartley-2 and 9P/ Tempel-1, suggesting that
these cometary surfaces might be covered with arough, granular or
rugged, probably highly porous material.

After September 2018, Hayabusa2 started descent operations for
sampling touchdowns, as well as for the release of MINERVA-II twin
rovers® and the MASCOT lander?. During each descent operation,
close-up thermal images were taken by TIR down to altitudes below
60 mforthelander release operations and to below 20 m for the sam-
plings and rehearsals. Thermal images of these local sites were taken
ataresolution of afew centimetres per pixel.

Close-up thermalimages were taken during the touchdown rehearsal
TD1-R1-A near the sampling site on15 October 2018 at1.28 AU from the
Sun. Theseimages indicate that the surrounding surfaceis not covered
with soil or granules but mainly by boulders (Fig. 4a, ¢). The surface
features seenin the close-up images are evenly distributed around the
asteroid, causing similar temperature profiles between large boulders
and their surroundings. Most boulders have typical temperatures of
300-310K, corresponding to highly porous materials with a thermal
inertia of 200-300 tiu, as predicted by global thermal images.

In the close-up images we observed a few boulders below 280 K
(Fig. 4b, d), corresponding to 600-1,000 tiu (a typical value for
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Fig.2|Comparison of atemperature plot on the three-dimensional Observation Campaign. b-i, Calculated thermal images that we compared with
shape model with calculated images for thermalinertia of 50-1,000 tiu. observations. b, Assuming a uniform thermalinertia of 50 tiu; ¢, of 100 tiu; d, of
a, Atemperature plotinkelvin onthe asteroid Ryugu shape model (SHAPE_ 200tiu; e,0f300tiu; f,0f 400 tiu; g, of 500 tiu; h, of 750 tiu; and i, of 1,000 tiu.
SFM_200k_v20180804), using the thermalimage taken by TIR at 18:16:32 Athermalinertiaof300 +100 tiu matches the observation best.
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Fig.3|Maximum temperature distribution during onerotationand the (lines or dotted lines) with uniform thermal inertias from 20 tiu to 800 tiu for
diurnal temperature profiles on Ryugu. a, Distribution of maximum eachsitelabelled ‘b’ to ‘g’ in panel a, respectively. L3bis the level-3b product,
temperatureinkelvin during one rotationon1August 2018 plotted on the whichis brightness temperature plotted on the asteroid shape model. The
Ryugushape model (SHAPE_SFM_200k _v20180804).b-g, Diurnal polygonIDs, the positionsinlongitude and latitude, and site information for

temperature profiles by TIR observation (squares) and by thermal calculation sites ‘b’ to ‘g’ are shownin Extended Data Table 1.
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Fig.4|Cold spotsdiscovered in the close-up thermalimages. a, A close-up
thermalimage taken during the TD1-R1-A campaign on15 October 2018, at
thesolar distance of1.28 Auand the Sun-Probe-Earth angle 0f10.6°, at
13:34:44 UTC from an altitude of 78.8 m.b, The temperature profile along the
yellowlinein panela, showingthe ‘cold spot’boulder. ¢, A close-up thermal

carbonaceous chondrites®). The surface of Ryugu is dominated by
highly porous boulders, except for some dense boulders similar to
carbonaceous chondrite meteorites. Thisis consistent with theimages
taken by the camera MASCam?® on MASCOT showing that a large major-
ity of boulders have cauliflower-like crumbly surfaces, while a minority
have flat surfaces.

The average thermal inertia is consistent with that of 282133 tiu
derived fromin situ measurements of a single boulder using the radi-
ometer MARA” on MASCOT, and is also consistent with terrestrial and
space remote observations™. The boulder observed by MARA seems
to be typical for boulders distributed globally on Ryugu. Such highly
porous boulders should have a microporosity ¢, of 30-50% under
vacuum conditions®%,

Accounting for the asteroid’s bulk density, Ryugu must have a bulk
porosity ¢, of 50-60%, assuming it consists of materials like those of
Cl or CM chondrites, respectively®. The macroporosity ¢,, caused
by voids between rocks, defined as ¢, =1 - (1- ¢,)/(1- ¢,), should
be below 20% for a ¢, of 50%, or 30-40% for a ¢, of 30%, and so we
conclude that Ryugu is a loosely packed rubble pile asteroid made of
porous materials formed under microgravity conditions. A trend for
small asteroids to have lower thermalinertia than typical carbonaceous
chondrites® might be caused not by fine regolith (as predicted) but
by porous boulders. A similarly low thermal inertia of about 300 tiu
was also reported for the B-type asteroid 101955 Bennu explored by
the OSIRIS-REx mission?.

These facts might constrain the formation history of Ryugu pro-
posed inthe previous study®. Ryugu could be formed from fragments
of a parent body that experienced a low degree of consolidation of
originally porous materials. This work provides evidence that C-type
asteroids may have aless consolidated nature, formed from fluffy dust
or pebbles in the early Solar System. This discovery also implies that
large asteroids in the main belt with high porosity® could have formed
in a similar way; such asteroids are very common among the C-type
asteroids. Moreover, those less consolidated materials might have low
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imageat13:44:20 UTCatanaltitude of21.9 m.d, The temperature profile along
theyellowlinein panel c,showing the‘cold spot’. The surfaceis covered with
boulders, and most of them have similar temperatures. The ‘cold spot’

bouldersare colder by more than 20K, indicating dense and consolidated
boulderswith higher thermalinertia.

mechanical strength, causing breakup of C-type meteoroids (fragments
of asteroids) during atmospheric entry. This might be why their spectra
did not match perfectly with meteorite samples on the Earth™*, Dense
boulders might be formed within a consolidated inner core of the parent
body, or might have an exogenic origin (they might be surviving frag-
ments of meteoriticimpacts). These C-type asteroids might share their
highly porous nature with planetesimals that formed from fluffy dust™®
in the early Solar System and could have strongly affected planetary
formation processes such as cratering and collisional fragmentation
by attenuating shock propagation®. The possibility still cannot be ruled
outthatRyugu’slow thermalinertia and low density arise from surface
materials different from carbonaceous chondrites, such as the organic-
rich material discovered on comet 67P/Churymov-Gerasimenko®, This
question will, however, be resolved upon sample return.
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Methods

Hayabusa2 mission and its proximity observation phases
Hayabusa2® is the second asteroid sample return mission organized
by the Japan Aerospace Exploration Agency. The spacecraft is tech-
nically inherited from the Hayabusa mission®’, which explored the
S-type asteroid 25143 Itokawa®”. Hayabusa2 was launched by the H-1IA
launch vehicle on 3 December 2014, thrusted with an ion engine sys-
tem, and with the assistance of the Earth’s gravity on 3 December 2015,
the spacecraft arrived at the target asteroid 162173 Ryugu on 27 June
2018.During al.5-year-long proximity phase, TIR observed the asteroid
at almost two-week intervals from the station position called Home
Position, which is 20 km Earthward from the asteroid surface. A high-
resolution one-rotation global thermalimage set of Ryugu was obtained
on30June 2018 (see the Supplementary Video1). Specific operations,
including the descent operations, were conducted, one of which was
the Mid-Altitude Observation Campaign on1August 2018 to obtain a
higher-resolution one-rotation global thermal image set of Ryugu (see
Supplementary Video 2). The major operations for the TIR described
in this paper are tabulated in Extended Data Table 2.

Asteroid reference model before arrival

Before the arrival of Hayabusa2 at Ryugu, it seemed likely that the sur-
faceof theasteroid (asnowillustrated in Fig.1at http://www.hayabusa2.
jaxa.jp/en/topics/20190328e _illustration/) was covered with regolith
dominated by sands and gravels formed by impact ejecta, and not
dominated by huge boulders but by aqueously altered substances with
impact craters, as envisioned in Fig. 3 at http://www.hayabusa2.jaxa.
jp/en/topics/20190328e_illustration/).

The Hayabusa2 landing site selection data preparation team con-
structed aRyugu reference model called ‘Ryugoid’ to perform the land-
ingsite selection process. Anexample of the thermal image of Ryugoid
isshowninExtended DataFig.1, whereboulders were identified as ‘cold
spots’, assuming athermalinertiafor dense boulders of1,600 tiu, and
granular surroundings of 300 tiu as indicated by the averaged thermal
inertia derived from ground observations™. Thermalinertia, denoted
as (pxc,)®® expresses the surface’s thermophysical properties, where
pisthebulk density, kis the thermal conductivity, and ¢, is the specific
heat capacity.

TIRinstrument and temperature control

Thermal radiometry hasbeenamongthe frequently used methods
inplanetary missions toinvestigate the physical state of planetary sur-
facesandis often conducted along the track of an orbiting spacecraft.
Inthe Hayabusa2 mission, however, atwo-dimensional imager was used
because the spacecraft remains at adistant stationary position owing
to the low gravity of the small body.

TIRisathermalimager based on atwo-dimensional microbolometer
array of 344 x 260 pixels (328 x 248 effective pixels). TIR observes the
wavelength range 8-12 pm, for a field of view of 16.7° by 12.7°, cor-
responding to the spatial resolution of 0.88 mrad per pixel. Its design
is the same as the Longwave Infrared Camera® on the Akatsuki Venus
Climate Orbiter except for the thermal design. TIR consists of the sen-
sor and data handling unit (TIR-S) and the power supply unit (TIR-AE),
mounted ontheinside of the +Ypanel, as well as the corn-shaped sun-
shade, mounted on the outside of the —-Z panel. Its data processing,
such astheintegration of multipleimages, the dark-frame subtraction,
and the data compression was conducted using the Digital Electronics
(DE) component on Hayabusa2. The optics of TIR-S is made of a ger-
manium lens, pointed towards the —Z direction, like the other optical
instruments. TIR-S is mounted on a dedicated panel that is thermally
isolated from the surrounding environment, and whose temperature
is controlled within a narrow range by the spacecraft heater control
electronics. Hence, the temperature of TIR-S is kept stable even dur-
ing the descent operations. The detector temperature is controlled
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with a Peltier thermoelectric device at 313 K (40 °C) within 0.019 K
(equivalent to a least significant bit (LSB) of digital data). Tempera-
tures are accurately monitored within 0.002 K at the sensor package
T, the case (the adaptor of the 8-12 pmifilter) T, the shutter Ty,
and the lens cover T,.,.. The package, case and lens temperatures are
keptstable within +0.1K even during the descent operations, while the
shutter temperature increases by 1K at the lowest altitude where
the input of thermal radiation from the asteroid is maximal, warming
the shutter. This effectis limited and in any case compensated because
all the thermal images of TIR are processed after subtraction of the
shutter-closed dark-frame image from the shutter-open image.

TIR calibration

Pre-flight calibration of TIR was carried out using three types of cali-
bration targets: a collimator, a cavity blackbody source and blackbody
plates. We used the same apparatus prepared for the calibration of the
Longwave Infrared Camera onboard the Japanese Venus explorer Akat-
suki®. It allows us to control the temperature of ablackbody plate from
-40°Cto +50 °Cin a vacuum chamber. Temperatures at the asteroid
surfaceinthe daytime are estimated to be up to100 °C. Therefore, we
set up another experimental apparatus using an oil bath to control
the temperature of the blackbody plate from +50 °C to +125°C. These
apparatuses enable us to investigate the response of all the pixels of
TIR. The measured emissivity of the blackbody plates is 0.925.

The temperature inside the instrument affects the output of TIR.
During the calibration test, we corrected the data using the four moni-
toring temperatures. We found that the shutter temperature is espe-
cially effective. Linear relations are seen for each temperature of the
calibration target. We found that a better linear relationship appears
after the package and case temperature correction:

D’'=D-6.125 (Tcase - Tpkg) @

where Dand D’ are the original and calibrated digital numbers for each
pixel. This calibration corresponds to temperature correction of the
gain of the analog-to-digital converter. After the case and package
temperature correction, we carried out shutter temperature correc-
tion using the equation:

D”=D"~-6.158(Ty~ Tyy) )

where D” is the calibrated digital number, T, is the shutter tempera-
ture, T,=28 °Cis the standard temperature, following the method in
ref. %,

After the calibration using the instrument temperatures, we made a
look-up table (LUT) to convert the digital number to the radiance of the
target. The blackbody temperature is converted to effective radiance,
based on the method™”:

10 =[ eB(A, HRWA 3)
0

where ¢ is the emissivity (equal to 0.925 for the black body plate), A
is wavelength, R(A) is the response function of TIR*, and B(A,T) is the
spectral radiance given by the Planck function. By linear least-squares
fitting of output digital number and radiance, we defined the slope a;;
and intercept b, for all pixels (i, /) as:

D" ;=a; I(T)+b;; 4)

A critical problem for accurate calibration of infrared imagers and
thermometers is the size-of-source effect®® (SSE). SSE occurs owing
to scattering and diffraction of thermal radiation within the optical
component. We evaluate the SSE of TIR using a collimator and a cavity
blackbody, whose temperatures were controlled from +20 °Cto +125°C.
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The measurements of these targets were carried out in the atmosphere
owingto the constraints of the apparatus. We found SSE for TIR during
the calibration (see Extended Data Fig. 2); the output values become
relatively low for the small image of the different calibration targets
(collimator < cavity blackbody <blackbody plate). The position of the
targets in the image was changed to check the SSE on the sensitivity
of each pixels.

For the correction of SSE, we focused on the effective diameter of
the targets, whichis definedas D= ZM ,where Nis the number of
pixels of the observed target. The effective diameters of the collima-
tor and cavity blackbody are about 60 and 125 pixels, respectively.
The effective diameters of asteroid Ryugu are around 55 and 180 pix-
els for the Home Position and Mid-altitude observations, respectively.
The effective diameters of 322 pixels are set both for a close-up image
where the TIRimage is fully covered with the asteroid surface and for
calibration data of the blackbody plate. The SSE for continuous obser-
vations during a descent operation for gravity measurement was
detemined on 6 and 7 August 2018. Averaged digital number (DN)
values of Ryugu increased linearly with increasing the effective diam-
eter,butarapidjumpin DN value occurred with an effective diameter
larger than 300 pixels. The LUT applied to the asteroid image is built
based on the effective diameter D of imaged Ryugu. In the range
D <300 pixels, LUTis created by linear interpolation and extrapolation
of the LUTs for collimator and cavity blackbody. Note that the data
for the blackbody plateis not fitted to this linear extrapolation owing
to this higher effective diameter regime (300 pixels < D <322 pixels).
Therefore, we used another linear function derived from the LUT data
for blackbody plate and extrapolated values at D =300 pixels from
the lower effective diameter regime (see Extended DataFig. 3). Using
the LUT derived from the effective diameter of the asteroid, the DN
values are converted to the radiance values for each pixel using
equation (4). The derived radiant fluximages are converted to bright-
ness temperature images from equation (3), assuming an emissivity
of lindependent of the wavelength.

A history of Ryugu formation
The history of Ryugu formationin the previous study®, mainly using the
results of the optical navigation camera, proposed three scenarios with
the different types of parent bodies before catastrophic disruption. In
scenariolitisanaqueously altered parent body dehydrated by internal
heating;inscenario2itisanaqueously altered parent body dehydrated
by impact heating; and in scenario 3 it is an incipiently altered parent
body. The results of TIR observations constrain or update the possible
scenarios of Ryugu’s formation, suggesting that scenario 3 seems to be
most suitable, as shown below, although further in-depth study includ-
ingthe analysis of returned samplesis needed for afinal determination.
A scenario is shown mainly using the results of TIR in Extended
DataFig. 4. (1) Fluffy dust particles containing minerals, water and
organics accumulated to form planetesimals in the early Solar System.
(2) Planetesimals remained porous owing to alow degree of consolida-
tion under low-gravity conditions, although they might have experi-
encedimpact compaction, fragmentation and re-accretion processes.
(3) The parentbody of Ryugu remained porous throughout most of its
volume, but its innermost interior might be more consolidated and
thermally altered to form a dense core consisting of typical carbona-
ceous meteorites, if the lithostatic pressure reached the level of its
bulk modulus of 50 MPa or higher. A gradual increase of the degree of
consolidation might be expected, rather than a clear boundary of the
possible inner core. C-type asteroid 253 Mathilde®’, which has a very
low spinrate, a low density 0f 1,300 + 300 kg m™, and a number of
extremely large craters of almost half the size of its diameter, may be
anexample of aporous, loosely bound rubble-pile asteroid. (4) Intense
impact fragmentation by catastrophic disruption occurred to expose
the interior materials. (5) Some of the impact fragments accreted to
form Ryugu. Most of its surface consists of porous materials that have

undergone only alow degree of consolidation, including large boulders.
Some dense boulders might be from the innermost part of the parent
body. Alternatively, a dense small asteroid might have impacted the
porous parent body to form Ryugu by re-accretion of fragments, where
the dense rocks could be from the dense impactor. (6) A rubble-pile
asteroid that formed from mostly porous fragments has been reshaped
to become a double-top-shape? owing to a change in spin rate by the
Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect* and resur-
faced by impact cratering and boulder movement.

Code availability

The display tool for the TIR thermal images is AiGIS, developed by
author Naru Hirata of the University of Aizu, whichis available at https://
arcspace.jp/aigis/. The basic code of the asteroid thermal model that
supports the calculation of thermalimages using several thermalinertia
values was constructed by ref.”, and is applicable to any asteroid shape
model even of more than one million nodes and capable of calculating
the self-heatingeffect between nodes facing each other and the shadow-
ing effect of insolation by geological features. This code is accessible
from the corresponding author upon reasonable request.

Data availability

The source data of the TIR global thermal infrared images used
for Fig. 1a-d are prepared from hyb2_tir 20180801_142608_12.fit
for Fig. 1a, from hyb2_tir_20180801_162120_I2.fit for Fig. 1b,
from hyb2_tir_20180801_181632_12.fit for Fig. 1c, and from hyb2_
tir_20180801_201144 _12.fit for Fig. 1d. The source data of the TIR
close-up thermal images used for Fig. 4a, c are prepared from
hyb2_tir 20181015 133444 12.fit, and hyb2_tir 20181015 134420_
12.fit, respectively. A TIR radiance image plotted on the Ryugu
shape model (SHAPE_SFM_200k_v20180804) in Fig. 2 is from hyb2_
tir_20180801_181632_I3b.txt. The maximum temperature plot in
Fig. 3a and the plots of Fig. 3b—g are obtained from the datasets of
hyb2_tir 20180801_150432-215056_I3b.txt. All the datarelated to this
manuscript, including the raw thermal images (L1), the temperature-
converted thermalimages (L2), and the temperature plots on the shape
model (L3) of TIR and the corresponding ancillary data for the SPICE
tool are archived in the DARTS database (darts.isas.jaxa.jp/planet/
project/hayabusa2/), and will be archived in the PDS4 within one year
after the end of its nominal mission, according to the Hayabusa2 sci-
ence data policy.
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Extended DataFig.1| A modelled thermal image of asteroid Ryugu before Preparation team shows the surface covered with granular regolith (with
the arrival of Hayabusa2. An example thermalimage of the asteroid reference thermalinertia300 tiu) and dense boulders (with thermalinertial,600 tiu),
model ‘Ryugoid’ produced by the Hayabusa2 Landing Site Selection Data with most of the bouldersidentifiable as ‘cold spots’.
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Extended DataFig.2 | Temperature calibration of TIR using multiple the collimator, respectively. b-d, Thermalimages from TIR using the different
apparatuses. DN, digital number. a, Anexample of the TIR pixel response of a apparatuses for the100 °C target: b, the blackbody plate (total area coverage),
centre pixel at (164,124) obtained by the ground-based calibration tests. The ¢, the cavity blackbody (simulation to Mid-Altitude, 5 km), and d, the collimator
purple dotsand line show the datafor the blackbody plate and their linear (simulation to Home Position).

regression. The blue and green dots show the data for the cavity blackbody and
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Extended DataFig. 3 | Effective diameter dependence of the LUT for TIR
calibration. This figures show the values of the slope (a) and the intercept (b) at
the centre pixel at (164,124) in terms of the effective diameter D of the target.
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For D<300 pixels, thered lines are derived from the data of the collimator and
the cavity blackbody sources. For 300 pixels <D <322 pixels, the greenlines are
derived from the blackbody (BB) plate source.
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Extended DataFig.4 | Aformation scenario of Ryugufromaporous parent parentbodyoccurred. Some large fragments are the boulders on Ryugu. (5)
body. (1) Formation began with fluffy dustin the solar nebula. (2) Porous Partof fragmentsre-accreted to form Ryugu, with porous boulders and
planetesimals were formed by accretion of dust or pebbles. (3) The parentbody  sedimentsonthesurface,and some dense boulders originating from the inner
of Ryugu might have remained porous owing to alow degree of consolidation. core. (6) Re-shaping caused by achangeinrotationrate to formadouble-top-
Aclearboundaryoftheinner coreisillustrated but agradual increase of shape.

consolidation by depth might be expected. (4) Impact fragmentation of the



Extended Data Table 1| Ryugu site information for diurnal temperature profiles

Site Polygon ID Longitude Latitude  Remarks

b 157464 27.8 °E 325°N  Smooth region in northern mid latitude
c 152944 13.9°E 3.9°N  Smooth region in northern low latitude
d 147342 0.2°E 5.5°S  Catafo Saxum (boulder, PM landmark)
e 147896 2.7°E 18.3°S  Smooth region in southern mid latitude
f 194355 329.1°E 47.0°S  Smooth region in southern low latitude
g 183108 290.4 °E 68.8°S  Otohime Saxum (boulder)

PM: Prime meridian
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Extended Data Table 2 | TIR major operations at Ryugu before mid-October 2018 used in this study

Date Solar SPE Lowest | Maximum |Contents of TIR Observations
distance angle Altitude | Resolution

[au] [deg] [/pixel]

1 |2018/06/06 0.964 16.7 2000 Point Light curve observations & search for moons
km source
2 |2018/06/18 0.971 17.7 200 km 180 m Light curve observations & search for moons
3 |2018/06/30 0.986 185 20km 18m Light curve observations & search for moons
// First set of HR global thermal images of an asteroid
4 [2018/07/10 1.004 19.0 20km 18 m Global mapping for 1 rotation : Box-A
5 [2018/07/20 1.027 19.2 6.5 km 6m Global mapping for 1 rotation : Box-C
6 [2018/08/01 1.056 19.0 5km 45m Global mapping for 1 rotation : Mid-Altitude
7 |2018/08/06-07 1.073 18.7 <1km 0.9m HR images : Gravity Measurement
8 [2018/08/25 1.127 17.5 22 km 20m Global mapping for 1 rotation : Box-B (South pole )
9 |2018/08/31 1.145 16.9 22 km 20m Global mapping for 1 rotation : Box-B (Dusk side )
10 [2018/09/20-21 1.209 14.4 50m 4.5cm  |Close-up images: MINERVA-II release
11 [2018/10/03-04 1.244 12.6 50m 4.5cm  |Close-up images: MASCOT release
2~3 km 1.8m HR images : MASCOT hovering at 3 km

12 [2018/10/14-15 1.273 10.8 10m 0.9cm  |Close-up images: TD1-R1-A

SPE, Sun-Probe-Earth
Box A is the Home Position.

HR, high-resolution
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